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RADIATION CHEMISTRY OF SYNTHETIC WASTE

by

D. Meisel, H. Diamond, E. P. Horwitz, C D. Jonah, M. S. Matheson,
M. C. Sauer, Jr., and J. C Sullivan

ABSTRACT

The yield of H2 from radiolysis of aqueous solutions is substantially reduced by the
presence of nitrate and nitrite in the waste solutions. Nitrate is more efficient in scavenging
the precursors to H2 than is nitrite, therefore, the latter should be maintained ai: higher
levels if minimization of radiolytic gas production is required. Nitrate is the major scav-
enger for eaq and nitrite is the major scavenger for H atoms. At the concentration levels of
the waste solutions some fraction of the radiation energy will be absorbed directly by the
solutes, primarily the nitrate/nitrite components. Organic additive will increase the genera-
tion of H2 and mechanistic information is available to allow predictive modeling of trends
in the rate of the generation. Physical parameters such as temperature, viscosity, and pres-
sure will not significantly affect the gas generation relative to its generation under normal
conditions. Radiolytic generation of N2O is very inefficient in the absence of organic
solutes. No mechanistic information is available on its generation in the presence of
organic additives. At the concentration levels of the inorganic salts in the waste solutions,
it will be very difficult o find a chemical additive that could efficiently reduce the yield of
the generated H2, except, perhaps, increasing the concentration of the nitrite/nitrate compo-
nents.



SUMMARY

An in-depth understanding of the radiation chemistry of aqueous solutions, based on extensive
data on yields of products and reaction rates, has been achieved over the last four decades. These
two elements, mechanistic understanding and a broad data base, are essential for a meaningful
analysis of the radiolytic processes that occur in mixed-waste solutions. This report summarizes
the basic principles, along with some quantitative data, of the radiation chemistry of highly concen-
trated solutions that allow such an analysis. It specifically addresses systems and issues similar to
those encountered in the tank safety program (high-base content, high-nitrate and -nitrite contents,
and moderate concentrations of organic chelators). It is intended to provide some background
information for the nonspecialist along with citations for further exploration. It is also meant to
furnish quantitative guidelines for the daily activities of the task force that has been assembled in
the Chemistry Division of Argonne National Laboratory.

The high concentrations, primarily of nitrate and nitrite, dictate analysis of the radiolytic proc-
esses that occur on very fast time scales (psec). Both nitrate and nitrite are essential in the mini-
mization of dihydrogen generation. Of the two, nitrite is the more important ingredient, and steps
must be taken to ensure that known high concentrations of nitrite are maintained in the waste solu-
tions. Any hydrogen-containing organic compound will add to the production of H2, in addition to
a small H2 component that results directly from the radioiysis of water. Minimization of the
organic components, for example, via carefully planned degradation or separation, should be con-
sidered as a remediation strategy.

Although detailed information is available on the radiolytic degradation of the nitrate/nitrite
system, its interaction with organic systems has not been adequately studied. The generation of
N2O in the waste solution most probably involves interaction of the NOX system with the organic
components. However, there is no reason to believe that the nitrogen in the N2O necessarily origi-
nates from the organic nitrogenous content.

Except for nitrate, nitrite, and the organic chelators, none of the other components that exist in
the waste solution can react with the primary radicals (eaq, H, OH) of water radioiysis to any sig-
nificant extent. The high hydroxide ion concentration ensures complete transformation of most
radicals to their base form within some short time. Secondary radicals such as NO3, NO2, NO,
organic radicals, stc.^ are often longer lived and may react with minor components. This radiation-
induced chemistry of the secondary radicals is highly specific, but could be minimized if patterns
of the secondary chemistry are established in future studies. The effects of the phase heterogeneity
(particulates) of the waste solutions have not been addressed in the survey, but they will probably
intervene only in reactions of secondary radicals. Other unconventional physical conditions in the
tank (viscosity, temperature, high inert salt concentrations, etc.) will affect rates of individual proc-
esses but will not alter the overall product yields. Exceptional in this regard are hydrogen abstrac-
tion reactions by H atoms and reactions of the NOX radicals, which may have significant activation
energies and thus may be strongly temperature dependent



I . INTRODUCTION

A. Statement of Problem and Purpose

The episodic venting of gases in waste-storage tanks may pose significant risk because rela-
tively high levels of H2 and N2O gases are detected during these events. A possible source for
these gases are radiolytic processes that are initiated by the absorption of ionizing radiation by the
waste solution. Preliminary calculations based on the information available in the Waste Tank
Science Report*^) radicate that about 25% of the H2 generated in the tank results directly from the
radiolysis of water (assumptions made: rate of H2 generated in the tank is 37 moles/d; G(H2) =
0.06 molecules/100 eV). In the presence of organic compounds, the yield may be higher and,
therefore, a larger fraction of the dihydrogen may be accounted for by radiolysis- The goal of the
Argonne task force is to examine the role of radiolytic sources in the generation of gases and to
propose remediation strategies. As a first step within this broad mission, we have surveyed the lit-
erature in order to inform members of the task force, as well as others, of the available information
on yields and mechanisms of dihydrogen and nitrous oxide production in solutions of similar com-
position to thai of the tank. This information will be critically evaluated, and its reliability will be
assessed.

B . Material to be Covered

This literature search will focus on the radiolytic reactions that occur in the highly concentrated
basic aqueous solutions of sodium nitrate/nitrite that wiE also be experimentally studied by the task
force. Inasmuch as the effects of heterogeneity (slurries, particulates, etc.) are not now under
study by the task force, this review will not cover heterogeneous systems. Nevertheless, we note
in passing that even in cemented waste (0.2 water/cement ratio, 15% wt sodium nitrate, and -0.5%
organic constituents) the yield of dihydrogen from radiolysis is comparable to that in simulated
waste.® It is obvious that water and/or organic material is required for the generation of H2 by
radiolytic processes, and it is reasonable to infer that aqueous slurries will follow similar trends to
those observed in the concentrated solutions. Material specific to the modeling computations per-
formed by our task force (mathematical treatment and computer algorithms) is considered too
technical and not directly applicable to the waste problem and thus will not be covered here.

Three data bases were searched for this survey. These were (a) ACS-Chemical Abstracts Data
Base (for the period 1967-1990); (b) The Radiation Chemistry Data Center (RCDC) data base of
the Radiation Laboratory at the University of Notre Dame; (c) Nuclear Science Abstracts (for the
period 1948-1990). These data bases include only open literature; classified relevant information
does exist, but is excluded from this report. We observed that much scientific activity on the
radiation chemistry of solutions relevant to our task occurred during the late 1950s to early 1970s.
Very little has been done since then on this aspect of radiation chemistry despite other important
advances in the field. Much more information than could be summarized here on the kinetics of
radiolytically produced species is available in several compilations from the RCDC^4) Similarly,
compilations of redox potentials of organic*5) and inorganic^6' radicals are available.

The absorption of ionizing radiation by water initiates a sequence of reactions that ultimately
leads to the formation of the final products. As the reaction sequence is analyzed and the species
involved become removed from the initial act of radiolysis, it becomes increasingly difficult to label
the process as "radiolytic". Some judgment had to be made, therefore, as to the extent that this
survey would branch into other fields of chemistry beyond what is commonly labeled as radiation
chemistry. In general, the dividing line in this summary was determined by the nature of the data
bases surveyed. This is particularly felt in the discussion of the NOX system where many of the
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radiolytically generated radicals are stable, though highly reactive, species. Hence, more informa-
tion on that system probably exists in sources not covered by this survey.

2. RADIATION CHEMISTRY OF DILUTE AQUEOUS SOLUTIONS

Several comprehensive reviews of the radiation chemistry of aqueous solutions provide back-
ground information on the field.(7~l°) It is apparent from the high-soiuie concentrations in the
waste solutions that the fate of the primary products of water radiolysis is determined at very early
stages. Therefore, we will address these early events in our survey. The following paragraphs
summarize the relevant information.

Upon absorption of the energy of ionizing radiation (P or y) by water, a water molecule ionizes
to pve thermally unrelaxed electrons and holes (H2O+). Although most of the absorbed energy
leads directly to ionization of water molecules, some excitation events may a ŝo occur. The role of
excited water molecules, however, is still not well established. A highly rxcited water molecule
may ionize to give similar products to those obtained by direct ionization^1 *) or it may dissociate to
give either H + OH radicals or H2 + O. These excited water molecules may play a significant role
in highly concentrated solutions and may account for some of the observed H2. The sequence of
events following the absorption of the radiation energy is illustrated in Scheme I. The primary spe-
cies are produced within localized domains, labeled "spurs," approximately 20 A in diameter and
separated by several thousand A from one another along the electron track. Each spur contains die
dissociation products of a few water molecules. The processes occurring within these spurs are
relevant to oar task because some of them produce H2 and could be intercepted and thus

e- (-AE; 20-30 eV)

20 A

5000 A

Scheme I



prevented from producing H2. In addition, the presence of some solutes (in particular, organic
compounds) may enhance H2 formation by reacting with radicals (e.g., H atoms or e^q) within the
spurs.

The number of water molecules dissociated in each spur as well as other spur parameters, have
been estimated by Schwarz.t12) About 50% of the spurs contain the products of one or two water
molecules. Approximately 13% of the energy is deposited in short tracks ("blobs") that contain a
larger number of dissociation products and that are created as the energy of the original energetic
particle degrades. Within <1Q"12 s following the ionization act, the electrons thermalize, localize,
and solvate. The times required for these early processes have been determined by Gauduel
et al.(i3M) with femtosecond laser techniques and are given in reactions 1-3.

T=0. l ips . 0.13ps . , M

e" ^ > et ^ > egq (1)

H2Q+ + n(H2O) T = a i Q p S > (H3O+ + QHV 1 ) H 2 o (2)

+ (H2O+ or OH) ^ > H2O or OH" kr = 0.83 x 1012 s'1 (3)

The local concentration of the radicals, H, OH, etc., is initially quite high (in the range of molar
concentrations) due to the small volume of the spur. A competition between radical recombination,
radical scavenging by solutes, and diffusion of the radicals out of the spur is thus initiated- In spite
of the short times involved, the precursor to the solvated electrons, e^, can be scavenged at high-
solute concentrations (see below). In the following discussion we will not analyze in detail the
processes of the oxidizing species. These reactions are directly relevant to the. reactions of the NOX
systems (and thus may be important in the production of N2O and will be discussed in that con-
text). The organic solutes will often produce reducing radicals as a consequence of their reaction
with oxidizing radicals. These reducing organic radicals can generate H2 from water only under
unusual conditions (significantly, such "unusual" conditions include catalysis by particulates). The
reactions of the oxidizing radicals, however, are important as competing reactions within the spurs
and will be taken into account in our calculations.

Of particular interest are radical recombination reactions that produce dihydrogen, reactions 4-6
(numbers in parentheses indicate estimated yields in units of molecules per 100 eV for the particu-
lar reaction in dilute solutions)Sl%

H -^2°_> H2 + OH- (G = 0 t3) (4)

H2 + 2OH~ (G = 0.14) (5)

H + H > H2 (G = 0.02) (6)

The large value for formation of dihydrogen from hydrated electrons (reactions 4 and 5)
emphasizes the importance of this species as a source of H2. Some hydrogen atoms are also
formed by the reaction of solvated electrons with protons within the spurs (reaction 7):

eiq + H + - H (7)

In addition, a yield of G(H2)® = 0.15 (where the superscript 0 indicates direct, nonscavengeable
formation of dihydrogen, e.g., from an excited water molecule) has been estimated by
Schwarz.(12) The observation that at high-nitrate concentrations the yield of H2 is reduced to
G(H2) = 0.06/1) along with our own experimental results, indicates that direct formation of H2



must be smaller than the estimate in reference 12. Mahlman's estimate of G(H2)° = 0.1, based on
the dependence of the yield of H2 on nitrate concentration,^) also seems too high. The yield of
directly produced dihydrogen is of piimary concern in our considerations. At present, it seems
reasonable to assume that GCH2)0 0.06.

It is commonly accepted that the product distribution and the yield of H2 at "long" times (when
spur reactions are complete, at -100 as) in dilute solutions can be represented by equation S1^)
where the numbers in parentheses represent the corresponding G values:

H2O(-4.14) I Q Q e V > e-aq<2..7) + H+(2.7) + H(0.61) + OH(2.87) +

H2(0.43) + H2O2(0.61) + HO2(0.026) . (8)

At 1 ps, prior to the completion of spur reactions, the yields can be represented by equation 9:

H2O<-5.7) l 0OeV>eaq(4.78) + H+(4.78) + H(0.62) + OH(5.7) + H2(0.15) . (9)

Obviously, after 100 ns sore; of the reducing radicals have reacted to produce dihydrogen
within the spur. The earliest species detectable by existing technology (best suited for such studies
is the fast pulse radiolysis system at the Low Energy Linac Facility at CHM/ANL) are ê q and OH
radicals. The yields quoted in equation 9 were experimentally observed/17>*°} and their time
dependence has been recorded in dilute solutions and concentrated solutions. It is clear from this
discussion that die term "yield" is a time- and concentration-dependent quantity. The yield of H2,
and the yields of its precursors, will depend on the time at which they are measured after the ion-
ization act. High-solute concentrations may reduce the yield of H2 if the solute reacts with a pre-
cursor of H2 before that precursor can produce dihydrogen. Table 1 summarizes the known yields
of the primary products from the radiolysis of water at short and long times and the rate constants
for the reactions among these radicals. These data are important in our modeling task.

3 . EFFECTS OF HIGH-SOLUTE CONCENTRATIONS ON YIELDS

A. General

As the concentrations of solutes increase, several effects may be expected. The most obvious
effect is the competitive reaction of the solutes for the primary radicals. To the extent that the com-
position of the solution is known (questionable in the tank), this effect can be calculated easily and
accurately from the known rate constants summarized in the tables or elsewhere.^) However, the
rate constants listed in the tables were measured in dilute solutions. These rate constants will be
modified at the high-solute concentrations by the reasonably well-understood and predictable
effects discussed in section 6. At high concentrations the solute will penetrate the spur, and its
reactions may efficiently compete with intraspur reactions. The effect of competition with spur
reactions can be reasonably estimated by any of several variants of the continuum diffusion
modeL(*2,l9-2l) The computational effort of our task force will utilize a form of this model that has
been modified to include the effects of high-solute concentrations.

When solute competition for spur species is significant (as we expect it to be in the tank solu-
tions), the solute may compete for the precursors of the well-defined primary products- These pre-
cursors {e.g., the localized electrons of equation 1 or H2O+ of equation 2) cannot be directly
observed, even with psec pulse radiolysis, due to their short lifetimes, but the reactivity of the
solute with the precursor can be estimated from the reduction in yield of the primary radical at very
short times.0223) \i w a s shown that the fraction, $, of electrons that escape reaction with the
solute, Sr prior to their solvation is given by



TABLE 1. Yields and Rate Constants for Primary Species Produced in the Radiolysis of Water

Yields
Species

e^j

H

OH
H +

HO2

H2

H2O2
aLong times refer to the time when

Rate Constants
Reactanis

eiq + eij —

ê q + H + —
eiq + H —

?̂ q + OH —
e™ JΒ, f V . ^ ^ ^

e'aq + H2O2 —
eij + HO2

H + H —
H + OH -

H + H2O2 -

OH + OH —

OH + H2 -

OH+H2O2 —
OH+HO2- —
OH + O- -

0 - + 0 - —

O- + H2 -
O- + H2O2 -
0- + HO2- -

Yield at 1 ps
4.78
0.62

5.7
4.78
-

0.15&

-

spurs have homogenized,

Products

H 2 + 2OH-
H
H2 + OH-
OH-

2OH-
O H + O H
2 0 H + 0 H

H 2

H2O

OH + H2O

H2O2

H + H 2 0

H2O + HO2

H2O+O2-
HO2-

O22- - HO2-
H + OH-

O2- + H2O
O2- + OH-

Yield at Long Times5

2.70
0.61

2.87
2.70
0.026

0.43

0.61

-10-7s. Calculated value.

k (Mr1 s-!)c

2k =1.1x101°

2.3 x lOlO
2.5 x 1010

3.0 x 101°
2.2 x 1010

1.1 x I 0 1 0

3.5 x 109

2k = 1.55 x 10 l°
7.0 x 109

9.0 x 107

2k = 1.1 x 1010

4.2 x IO7

2.7 x 107

7.5 x 109

<2.0 x 1010

unknown

1.1 x lO8^

<5.0 x 10 s

4X10 8

CAI1 values are critically evaluated from reference 3. ^From reference 93.



where C37 is a constant typical for the solvent and solute and {S} is the solute concentration.
When {S} = C37, die yield of solvated electrons will drop to ^ of its value in dilute solutions. To
emphasize the significance of this parameter, for nitrate €37 = 0,47 M;(-4) hence, at 2 M nitrate
concentration, less than 1.5% of the electrons will become solvated. Tne remainder will react with
nitrate prior to solvation. Since the reaction with nitrate does not produce H2, it is clear that nitrate
is an extremely efficient scavenger in reducing the yield of dihydrogen from reactions 4, 5, and 7.
Table 2 summarizes the presently known values of C37. Significant to our task, nitrite {with C37 =
1.6 MK23) is considerably less effective than nitrate in scavenging the hydraied electron precursors.
Other solutes with small C37 (Table 2), which are also present in the tank, may also have some
effect. With the exception of H+, C37 is generally smaller (i.e., smaller concentrations are required
to scavenge a given percentage of electrons) the higher the reaction rate of the solute with solvated
electrons. The products of these reactions are not well established, but we can surmise that they
are the same as those obtained in the reactions of the hydrated electrons with the same solutes.

At yet higher solute concentrations, an appreciable fraction of the energy is deposited in the
solute rather than in the wafer. This is commonly labeled as the "direct effect". The energy
absorbed by the solute is commonly assumed to be proportional to its electron density and thus can
be readily calculated. It was recently suggested that the valence-electron density is a more appro-
priate parameter than the total electron density.(26) The products of the direct effect are often
unknown. In the absence of detailed information, one has to assume that the products of the direct
effect will be a hot electron and a hole of the absorbing solute. Detailed information on this effect
in concentrated nitrate solutions is available and will be discussed below. More difficult to predict
is the fraction of energy that is absorbed by water at such high-salt concentrations and that still
produces the same primary products as in dilute solution. This complication apparently is due to
the inefficiency of water of solvation in producing the "normal" products of water radiolysis.
Thus, even inert ions such as alkali metal ions will affect the yields of molecular products (e.g.,
H2). The higher the solvation energy of the ion, the smaller the yield of free water radiolysis
products. The effect of inert cations on the yield of H2 in concentrated nitrate solutions has been
determined experimentally.^7)

The yield of dihydrogen from radiolysis of water in the presence of several solutes has been
measured over a wide concentration range. It was noted by Hayon and Moreaut28) and earlier by
Schwarz^29) that the dependence of these yields on concentration for the various solutes could be
superimposed on a unified curve by multiplying the solute concentration by a correction factor, / ,
specific to the solute. Because such a universal curve may find practical utility, we present it in
Figure 1. It contains information on the yield of H2 in both nitrate and nitrite solutions but not on
their mixtures. The theoretical rationalization given for this empirical curve is that it represents the
efficiency of scavenging of soivated electrons by the solute at low concentrations and of H atoms at
higher concentrations. The factor / thus reflects the reactivity of the solute towards these two H2
precursors.

B. Effect of Hydroxide

The main effect of high-hydroxide concentrations on the yield of molecular products results
from the shift in acid-base equilibria of OH, e^ , H+, and FL

OH+OH* ** O-+H2O (10)
H + OK' ** eaj (II)

H + + OH- ** H2O (12)
** H (7)



TABLE 2. Measured and Corrected Values of C37, and Rate Constants, k dii, with

Compound
M

C37(corr)6

M

0.42

0.65

0.52

1.6

0.47

0.09

1.0

1.3

0.09

0.17

0.84

0.57

0.55

>3.5

0.09

0.26

0.33

(xlO-10) M"1 s-

0.11

0.2

0.7

0.87

1.1

3.2

1.0

3.3

3.4

4.0

6.0

3.0

5.0

6.0

8.0

2.0

0.85

0.12

4.0

0.4

3.7

0.15

2.5

f 0.42
MoOj 0.63

CO" 0.48

acetone 1.4

NO" 0.42

Te(OH)6 0.075

salicylate 0.8

Cu2+ 0.9

HgCl2 0.08

0.14

0.30

CH3NO2 0.30

Cd2+ 0.38

1.3

0.062

0.2

0.5

6.0

cystanrine 1.1

1.6
'2

IO4 0.14

Zn2+ 8.0

%leasured C37 values from references 24 and 25. ^Corrected for time dependence of the rate
constant i ^ . cRate constant with e^q in dilute solutions.
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Universal Curve
Fraction of Hydrogen Yield vs Corrected Solute Cone.

10 10 to. 10
[SJxf

Figure 1: The ratio of H2 yield, G(Hi\ in the presence of the solute concentration ([S] to the
yield of H2 in the absence of solute, G(H2)°. From reference 28. The concentration correction
factor, / , for the solutes tested are: KNO2, 1.0; NaN03, 2.4; H2O2, 2.5; acrylamide, 4.0;
N C O , 8.2; Cu(NO3)2, 10.

However, it should be recognized that equilibrium takes some time: to evolve. Therefore, the
initial distribution of the; primary products is far from the distribution at equfliftriurn; as time pro-
gresses, these acid-base; reactions will compete with the other processes mentioned in the previous
section. Furthermore, the different acid-base forms of each species will have different reactivities
and different sets of rate constants. For that reason, the rate constants for OH as well as for O~
have to be considered and are included in Table 1. Relevant acid-base rate and equilibrium con-
stants of die primary radicals art1 summarized in Table 3. According to equation 13, eiq is the base
form of the H atom.

H •• ei j + H+ (13)
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Many organic radicals that may be produced by the reaction cf the primary radicals with the
organic additives will also have pKa's that are widely different from those of the parent molecules
and may ionize in the basic solution in the tank. For example, hydroxylic moieties often will retain
the proton in the molecule (ROH) but will convert to the base form (F.O) in the radical (e.g.,
pKa(CH3CH2OH) = 18; pKa(CH3CH-OH) = 11.5;O0) for the α-hydroxy radical of glycolate,
pKa = 8.8).*3l) In the base form, these radicals may be expected to be stronger reductants than in
the acid form. For alcohols, the pKy, of the radical is 4-5 pH units below that of the molecule.

TABLE 3. Acid-Base Equilibria and Rate Constants for Primary Products of Water Radiolysis

Acid
form

OH

OH + OH-

H + OH-

H2O

H

Base
form

** 0- + H+

— O~ + H2O

- H2O + e-aj

— H+ + OH-

- <% + H+

(M-1 s"1)

2.5 x 10-2 s-i

1.3 x 10 1 0

2.2 x 107

3.6 x lO-5 s-1

4.8 s-1

kba

2 x 101°

1.8 x 106

19

2.0 x lOll

2.3 x 10 1 0

pK

11.9

-3.9

-6.1

1-.7

9.6

%f and kb are the rate constants for the forward and backward reactions as written.

C. Effect of Nitrats

Much effort has been expended in the study of the radiation chemistry of nittate solutions over
a very broad concentration range. Nitrate ions do not react with OH radicals, even at 5 M concen-
tration/32) and react only slowly with H atoms. They are, however, extremely efficient scav-
engers of dry and solvated electrons.

Nitrate is the only species of the NOX group for which the direct effect has been studied in
detail.(27.33,34) xhis effect is the major source for the production of dioxygen in highly concentra-
ted nitrate solutions. The results of the direct effect on nitrate are initiated by reaction 14.

NO3 / W W — > NO2 + O + e- (14)

The ejected electron will either solvate or react with NO3; the NO2 species may enter any of the
pathways available to it in Scheme II; the oxygen atom may react either with NO2 to give the NO3
radical, with a scavenger, or with another NO3 ion to give O2 (and NO2); and aU of these reactions
will occur in competition with diffusion out of the spur and with the various intraspur recombina-
tion reactions. In practice, the experimental observation is an increase in G(O2) and GfNO^) that
parallels the decrease in G(H.2) upon increasing nitrate concentrations in this high-concentration
regime. Thus, it is well established, that increasing nitrate concentrations in the high-concentration
regime leads to a decrease in dihydrogen yields but to an increase in dioxygen yields.

Reports on the yield of N2O production in nitrate solutions; are scarce. Some may be found in
still-classified documents. The generation of N2O in high-level liquid waste from fast breeder
reprocessed fuel has been previously observed but mechanistic understanding from this observa-
tion is minimal. (3 5 a) Hart and Bibler/35*) independently, reported recently that the addition of
organic solutes to nitrate solutions leads to the radiolyric production of N 2 O. A significant experi-
ment in which both nitrite and nitrate are present in the irradiated solutions has not been performed
yet in their studies, but our results show that high yields of N2O are produced in the radiolysis of
nitrite/nitrate mixtures when organic substances are also present
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SCHEME II

pKa=4.8

HNO3- <• > H 2 N O 3

pKa=7 5

k=1.4x106M-V

k=9.7xiQ9M"1s-1

k=1.0x1010M

o , . - K=7.3x10"5M
k=1.1x109M''s

NO k OH - T^^v >- N2°3
H20

k=5.3x1G2s~1

Thermal
4N0 + 2O H- 2NO2 * + 2H+

y K=3.5x1Q~5M pKa=3.5

< H2 0 2 " < ^ HN2 0 2

k=4.SxiOs M ' V

k=4.fix1Q3s'1
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D. Effect of Nitrite

The radiation chemistry of nitrite will be considered in section 4 and in Scheme II. In the
waste solutions h will be the major OH and H-atom scavenger. The direct effect on NO2 has not
been studied, but we may reasonably speculate that it will follow an analogous course to that of
reaction 14. Due to its efficient scavenging of hydrogen atoms, it is one of the most efficient addi-
tives in the reduction of G(H2) (see Figure 1). It is clear from these considerations and those dis-
cussed in section 4 that maintaining high-concentration levels of nitrite is a vital component in
efforts to reduce radiolytic production of H2. That nitrate alone, even at high concentrations, is
insufficient to maintain the low levels of dihydrogen yields necessary for stabilization of the tank is
amply shown in the work of Sutton and co-workers.(36>37) These researchers have shown that
even in 2 M nitrate, competitive reactions with organic substrates (e.g., alcohols, formate) will
generate significant yields ot H2.

E. Other Inorganic Solutes

Among the other inorganic solutes present in the tank, aluminate is a major component. The
rate constant for the reaction of Al3+ with eaq has been determined (2 x 109 M*1 s"1). The rate of
reaction of aluminate ions with the solvated electron, however, is much slower (5.5 x 106 M*1 s"1)
and could not significantly compete with the other components in the waste solutions. The product
of the reduction, AJ.2+, can react with H atoms (as well as with reducing organic radicals) at low
pH to produce H2 via the hydride mechanism;^) at high pH, production of e^q from metallic alu-
minum has been reported. (39) It is difficult to see how aluminate could directly interfere with any
of the radiolytic processes because the rates of its reactions are rather slow. However, the existence
of alumina particulates in the heterogeneous mixture may alter many reaction pathways, either cata-
lytically or simply by altering the microenvironment at which the reaction would otherwise occur.

Another component of some significance is carbonate. It is a poor electron scavenger but a
reasonably efficient OH scavenger (k = 4.2 x 10** M_1 s-1). At the high pH prevailing in the tank,
the O" radical will react much more slowly than the OH radical due to the electrostatic repulsion.
Considering its relatively low concentration (<0.5 M), it is unlikely to compete with the NOX sys-
tem for any of the primary radicals. Similar conclusions may be reached regarding other compo-
nents of the waste solution;: None of them are likely to interfere directly with the reactions of the
primary radicals. However, many of them could react with secondary radicals, primarily the
longer lived ones from the NOX system.

4 . MECHANISMS AND YIELDS OF NOX RADIOLYSIS

The generation of N2O in the tank solutions may result from the radiolytic reduction of nitrate,
nitrite, or an adduct of any of these compounds with organic substrates. We, therefore, consider
the state of knowledge on the degradation of NOX systems under the field of radiation. A compre-
hensive description of all the known reactions of the primary radiolytically produced radicals with
the nitrate and nitrite systems is given in Scheme IL This scheme includes rate constants and equi-
librium constants for the corresponding reactions. Much of the scheme has been compiled from
the work of Henglein and coworkers/4^"43) but contributions from other groups are also
included^44^6) Some standard redox potentials (1 M H+) of various nitrogen-containing interme-
diates are collected in Table 4. (6) In estimating relative reactivities at a given pH from standard
redox potentials, it should be remembered that the pKa's of both the reduced and the oxidized
species of a redox couple must be known in order to perform the conversion. In the following
text, we emphasize only the major features of the NOX system. As stated in section IB, the
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literature on reactivity of the NOX system from sources other than the radiation chemistry literature
is only marginally covered in this survey.

TABLE 4. Standard Redox Potentials of Nitrogen Species in Water (taken from reference 6)

Oxidation / Reduction E°, V(NHE)

NO3 / NOr 2.49

NH3+/NH3 2.13

N O 2
+ / N O 2 1.51

N3 / N3- 1.33

NH 2OH+ /NH 2OH <1.26

NO+ / NO 1.21

NO2 / NO2- 1.04

NH2 / NH2" -0.75

N2H4+ / N2H4 <0.73

NH2OH / (NH2, OH-) -0.12

NO / NO-(sngIet) -0.35

NO / NQ-(triplet) -0.39

NO32- / NO3- <-0.4

NH3OH+ / (NH3, OH) -0.58

The NO3 radical in the waste solution will be produced primarily by the direct effect on nitrate
(top left, Scheme IT). The redox potential of the NO3/NO3 couple has been estimated to be
2.3-2.6 V.(47) This radical is, thus, a very strong oxidant. Its reaction pathways parallel those of
OH radicals, leading to similar products in many cases, albeit at a reduced rate. The reactions of
NO3 radicals with many inorganic substrates are electron transfer processes, whereas the reactions
with saturated organic compounds are hydrogen abstraction reactions; with unsaturated organic
substrates they are an addition reaction. Rate constants for some of these reactions have been mea-
sured and are summarized in reference 4. For primary alcohols, the rate constant is linear with the
number of carbon atoms (k = 3.2 x 105 M*1 s_1 per carbon atom).(48) From the redox potentials,
rate constants, and concentrations, it is evident that most of the NO3 radicals produced in the waste
solution will be converted to NO2 radicals by their reaction with nitrite (reaction 15).

NO3 +NOj — NO3 +NO2 (15)

Nitrite ions are the primary scavenger for OH radicals producing NO2. The NO2 radical will
also be produced in the tank by reaction of eiq with NO".

NO2 + OH — NO2+OH" (16)

NOj + eiq (or its precursor) — NO^" -* NO2 + 2OH" (17)

Due to the high rate constants of reactions 16 and 17 and the large concentrations of nitrite and
nitrate, both reactions are expected to be the dominant reactions of the two corresponding primary
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radicals; hence, the NCb radical is expected to be an important radical in the tank soLutions.
Furthermore, in the absence of any reductants {e.g., organic chelators), this is a well-known stable
species- It is a mild oxidant with an estimated redox potential (for NCyNQ^) of 1.03 V.(49) The
rate constants for its reaction with several phenoxides and their temperature dependence have been
determined.^0,51) All reported reactions of NO2 with stable scavengers are one-electron transfer
reactions, with the notable exception of SO"-*, which proceeds via an oxygen-atom transfer. Most
importantly, nitrite ions are the primary scavengers for hydrogen atoms (reaction 18). Reaction 18

NO2 + H — NO + OH" (18)

competes with the reaction of H atoms with organic substrates, which often leads directly to the
production of H2. It is already clear from this discussion, as well as from our experimental and
modeling results, that it is essential to determine the concentration of nitrite in the tank solution and
to maintain it at high levels of concentration if minimization of radiolytic dihydrogen production is
desired.

Another stable radical, produced during the radiolytic reduction of nitrite (by either e^q or H
atoms or organic radicals), is NO. Its chemistry is well known and will not be surveyed here. If
NO and NO2 (or their dimers) accumulate in the solution, the cross recombination product, N2O3,
will also form. The high concentration of hydroxide in the tank solution will shift the equilibria so
that N2O3 will be most!} transformed to NO9, and NO2 will dimerize, disproportionate, and
hydrolyze to give NO3 and NO^- The steady state concentration of each of these species (NO3,
NO2, NO, etc.) will depend on the exact conce itrarions of base, nitrite and nitrate, dose rate, total
dose, and reactions with organic compounds. Except for the reactions with organic compounds,
the information given in Scheme II should allow a rather accurate prediction of the concentrations
of these intermediates. Production of N2O from NO in basic solutions has long been known^52)
and has been verified in our experiments. NO is also expected to react efficiently with many
organic radicals but specific information oa the rates of such reactions is not available in the data
bases surveyed for this report. One-electron reduction of NO will lead directly to nitrogen in the
+1 oxidation state, the same as in N2O. Hence, a ready pathway for the radiolytically induced
generation of N2O can be envisaged.

5 . REACTIONS OF ORGANIC CONSTITUENTS

Organic constituents are potentially a source for the production of dihydrogen, primarily via
hydrogen abstraction reactions by hydrogen atoms. Some rate constants for scavenging of the
radiolytic primary radicals by representative organic substrates are given in Table 5. Many more
are available in the compilation by Buxton et al.@) Note, however, the paucity of data on the rate
of reaction of hydrogen atoms with organic substrate at high pH. This may be significant for the
organic Iigating agents of interest here, because the rates of these reactions will depend on their
acid-base form. Also missing in the literature are some rate constants for organic components that
are believed to be present in the tank.

Chelating agents are of major concern as sources of dihydrogen and N2O gaseous
products in the tank solutions; we shall concentrate on the radiation chemistry of these compounds
in this section. We start with the common chelating substances and proceed stepwise through their
likely degradation products. EDTA is one of the principal organic compounds originally put in the
tank. The pKa for the ionization of the last -COOH group is 9.95 (at 1.0 M ionic strength), so this
compound is completely ionized to EDTA4". This will also be true for all other chelating agents
discussed here; they will exist in die completely ionized form in the tank solution. The reactivity of
c'aq toward EDTA4- is rather low (k = 4 x 105 M'1 s*1 at pH 11.5 and ionic strength L6).<53)
Because there is a correlation between the rate constant for the eaq reaction and the reactivity
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TABLE 5. Representative Rate Constants for Reactions of Organic Additives with the Primary
Radicals from Water Radiolysis (numbers in parentheses are pHs). Rate constants for NO3 and
NO2 are shown for comparison.

Compound

Ethanol

Acetic acid

Acetate

Oxalic acid

Oxalate

Glycolic acid

Glycolate

Glyoxalic acid

Citric acid

Citrate

Glycine

IDA

NTA

EDTA

NGr a

NGy*

k ( e ^

2xlO8 a (5.4)

LlxlO^-lO)

3.1xlO7a(7.6)

4.3X108 (4)

8.2x106* (7)

L3xlO9a(4)

2.8x108^(11.8)

i.2x!0 7 a (10.5)

4.5xlO5b(11.5)

4.1xlO9

9.7xlO9

my
1.3xl07a(l)

8x10*

3.5xlO5a(7)

4.1xlO5

<4xlO4a(7)

1.8xlO7

3.7xlO7a

4.3x105

SxlO4

4.0xl05

7.5X106

6.5xlO7

7.1xlO8

1.4x106

iKo-y

12.2X108

0.5x108

0.42x108

5.6x108

7.9xl08 e(I3)

1x108/

3-lxlO8

no reaction

k(OH)d

I7.9xlO8

0.7x108

7.7x10^(6)

6.6x108 (1)

5.6xlO8a(5.5)

5.0xl07 a

29.5xlO8

8.6xlO7e (6)

2.5x109a (9)

2.8xlO9£(9)

l.OxlO10

no reaction

Reference 3; Reference 53; Reference 66 at pH 1 unless otherwise indicated; ^Reference 65
unless otherwise indicated; Reference 58; 'Reference 55; ̂ Reference 54.

towards its precursor, most probably EDTA4" will also be unreactive towards the precursor of the
hydrated electron. The reactive oxidizing species in the highly alkaline waste solutions is the ion-
ized form of OK, Le., O~ radical. It may be safely assumed that at the concentration level of the
organic molecules, -0.1 M, acid-base equilibria of the primary radicals are established prior to the
reaction with the organic scavenger. Bhattacharyya and Kundu^54^ find in neutral solution
k(OH + EDTA) = 2.8 x 109 M"1 s"1. As the pH increases, the rate decreases; Muiazzani and
co-workers<55) quote k(Q" + EDTA4") = 1 x 108 M"1 s'1. The high ionic strength of the waste
solution would likely minimize this largely electrostatic effect. The main reaction pathway is an
abstraction of an H atom from the position a to the -CO2 group. Other possibilities are electron
transfer from the CO 2 or the amino groups, and an H abstraction from the ethylene groups.
However, it was postulated that the carboxy radical (-CO2) is produced only in negligible amounts,
whereas the other two radicals are converted to the α-carboxy radical^55) Electron spin resonance
resul ts^ (at pH - 11) also reveal only the α-carboxy radicals. Above about 10"3 M, G(-EDTA) =
1.6 ± 0.3 is independent of concentration at pH 13 in deaerated solutions;^4) no carbonyl-
containing products (e.g., formaldehyde or glyoxalic acid) were found at this pH in deaerated
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solution. However, this last observation is probably due to the efficient reaction of eaq with the
carbonyl products, because the yield of glyoxalic acid can be restored on addition of e™ scavengers
(e.g., N2Q).(57,58)

The radicals obtained from the OH reaction with EDTA and NTA decay via a first-order reac-
tion followed by a second-order decay (studied, though, only at pH < 12).(59) Some relevant
results are given in Table 6. The fast reaction rate with dioxygen (Table 6) indicates that these are,
indeed, aliphatic radicals. The first-order reaction was attributed to the transformation of the amino
or alkyl radicals to the α-carboxy radical, the second-order reaction to the disproportionation reac-
tion, followed by hydrolysis of the latter to give the final products (glyoxalic acid, formaldehyde,
CO2, and the ligand with one less acetate group). The sequence of reactions that leads to the
degradation of EDTA to NTA is shown in Scheme HI. The reaction of EDTA with H atoms is
expected to follow the abstraction from -CH2- pathways.

Bhattacharyya and Srisankar^57) irradiated aqueous solutions of 0.01 M NTA. and found
G(-NTA) = G(IDA) in neutral and pH 11.5 solutions. In deaerated alkaline solution, G(-NTA) =
1.6 ± 0.2 and G(TDA) = 1.4 ± 0.1, whereas G(carbonyi) = 0.5 (measured as formaldehyde). The
G values increase linearly with increasing NTA concentration up to -8 x 10-3 M a ^ th e n become
independent of concentration. The mechanism proposed to explain the observed products includes
the disproportionation reaction between two radicals, reaction 19,

2R2NCHCO2 ^ ^ - > R2NCH2CO2 + R2NCH(OH)CO2 , (19)

followed by die fcydrolytic reactions of the hydroxy acid and the keto acid (reactions 20a, 20b).

R2NCH(OH)CO2 — R2NH + CHOCOj (20a)

CHOCO2 + H2O — CH2O + CO2 + OH- (20b)

TABLE 6. Rate Constants for the Reaction of OH Radicals with EDTA and NTA, the Decay (first
and second order) of the Radicals, and Their Reaction with Oxygen2

pH 10-Sxk (OH + Ligand) 10"2xkDi 2kD2 10"8 x k (R- + O2)

M - l s-1 M-1 s-1 M-1 s-1

EDTA

NTA

IDA

Glycine

4.5
9.0

4.0
9.0

11.3

6.0

6.0
7.8

4.0
20

7.5
25

0.86
7.9

0.082(e-aq) c

30
2.6

30

2.0 xlO7

1.0 x 106

5.0 x 107

LOx 105

5.0 x 106

LO x 10M

2.0
4.5

1.7
3.0

for EDTA and NTA are from reference 59; for IDA from reference 58.
&Ai this pH OH is in the O form.

constant for reaction with e~aq from reference 62.
rate constant for CH2CO2 radicals from reference 62.
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"O2CCH2

*O2CCH2

<?• * EDTA

CH2CO2-

(also H) T
0 x ?

• + / CH2CO2

CH2CO2"

I (also H)

CH2CO2
 _

CH2CO2

-CH-

C *HCO2 •

CH2CO2

-CH2N

Disprop. (or Ox.)
and H2O

y CH(OH)CO2 '
-CHoN £ (+ EDTA)

^ ^ C H 2 C O 2 "

CH2CO2 *

CH2CO2 •

| - c o 2

-CH2N

CHo'

• CH2CC2

JEDTriA f Gfyoxaiate

-CH2NHCH2CO2" + OCHCO2
_ Formaldehyde (Hydrate)

>« CH2(OH)2 + CO2
I

It should be recognized here that the disproportionation reaction 19 requires a reaction between two
radicals that might be at very low concentrations in a complex solution such as the waste system
and, therefore, very slow. However, an oxidation reaction (e-g~, by the long-lived NO2 radicals)
may lead to identical degradation products that were obtained in the oxidation side of the dispro-
portionarion, ultimately leading to ammonia when R = H. Bhattacharyya and Saha(58) also studied
the 7 radiolysis of IDA. For glycine and carbonyl compounds, G values again level off, at -4.0 x
l(h2 M IDA; G(-IDA) = G(glycine) = 1.9 at pH 13 in deaerated solution, whereas GKCH2O) = 0_5
and G (CHOCOOH) =0.1. Again, the carbonyl-containing products efficiently compete for e^q,
but when the latter is scavenged (by N2O), G(glycine) = 3.3, G(CH2O) = 1.2, and G(glyoxalic) =
2.0.

The hydrated electron reacts with glycine, H3NCH2COO", in neutral solution^60) via the two
pathways shown below:

j — NH3 + CH2CO 2 (21a)

— H (21b)
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The CH2CO2 radicals that are obtained in the β-scission reaction 21a were also observed for
NTA and IDA. Irradiation of solutions of glycine at pH > 13 (in the presence of OH, O% and H
scavengers) gave an appreciable yield of C&CQ^, although less efficiently than in neutral solution
(probably because the reaction with ejjq is slower"when the glycine molecule is negatively charged;
the fraction that undergoes deamination, however, is probably larger). Thus, some of the deami-
nation reaction with e ^ occurs at high pH as well:

ei q + H2NCH2CO2 + H 2 0 - NH3 + OH- + CH 2CO 2 . (22)

Markovic et al.(61) find k2ia/''c2lb = 1-6, hence, ca. 60% of the reaction will proceed via the deami-
nation pathway in neutral solutions. Simic and Hayon(62) find only 40% deamination of glycine
(reasonably good agreement). The C37 at pH 6 for glycine is >10, so H3NCH2CO2 is quite
unreactive toward the e^q precursor.&3) Reaction of glycine with OH radicals again yields the a-
carboxy radical (identical to the a amino in this case). This radical, H2NCHCO2, was identified
by ESRJ56) Neta et al.^64) determined the following acid-base equilibria (pKai < 1, pK^ = 6.6):

H3 NCHCO2H *% H2NCHCO2H —+ H2NCHCO2 . (23)

Thus, the giycyl (and probably the analogous radicals considered above) is completely depro-
tonated at pH 14. Rate constants for the reaction of O" radicals with glycine were also measured in
1 M NaOH.(65) The Coulombic repulsion reduces reaction rates for singly, doubly, and triply
charged anions by factors of 0.36, 0.10, and 0-03, respectively, at low ionic strength^65) How-
ever, the high ionic strength in the tank would substantially reduce this Coulombic effect.
Hydrogen atoms will react similarly to the reaction of OH with glycine and similar amino acids;
hydrogen abstraction by H atoms will, of course, directly produce dihydrogen. Ionization of
-COOH to -COO" would change the rate constant of the H atom reaction by only a factor of < 2,
whereas deprotonation of the amino group to NH2 might increase it by a factor of 102 to KP.t66)
Several rate constants for the reactions of eaq, H, OH, and O" with these organic constituents are
listed in Table 5.

HEDTA differs from EDTA in that it has a C-H bond a to the hydroxyl group. At this posi-
tion, the hydrogen atom is activated relative to other positions and is easier to abstract. However,
no experimental verification of this expectation is available in the literature. Furthermore, some
degradation products may appear a , hydroxy-carboxylie acids (e.g., glycolic acid). For these
organic substances, OH and H will abstract the H atom a to the hydroxyl group, and the resulting
radicals will dimerize or disproportionate. '

In aqueous solutions of glycolic acid, the main radiolysis products are H2(G = 4J2) (67) and tar-
taric acid (G = 2.1).(68) The pKaof HOCHCOOH is 4.6, and the pKa of HOCHCOO- is 8.8.
Thus, even the hydroxyl group of the radical will ionize in the tank solution. This ionization will
increase the lifetime of the radical significantly. For the recombination of two OCHCOO"
radicals, 2k = 1.5 x 107 M~l s"1 at pH 12; 2k = 3.6 x 106 M*1 s^1 for the citrate radicals
COOCCH2C(OH)(CGO-)CHCOO-) at pH 13. In comparison, many of the fully protonated radi-
cals will recombine with 2k = 2 x 109 M~l s_1. Garrison^69) gives G values for initial yields from
1 M glycine at pH = 6.4 [G(NH3) = 4.3; G(ketoacid) = 2.1; G(fatty acid) = 1.2; G(aldehyde) =
0.5; and G(H2) = 2.0], and concludes that deamination by both e^q and OH occur. Maxwell
et al.C70-72) n o t e that formaldehyde and, espedally, glyoxalic add yields decrease with increasing
dose.

To transpose our discussion on the effects of chelating agents and their radiolytic degradation
products to the situation in the tank: Little reaction with the solvated electrons or their precursors is
expected to occur for EDTA, NTA, IDA, or glycine. Some ejiq reactions with these chelators may
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lead to dearinnation; thus, ammonia is a reasonable product to expect. Nonetheless, because NO3
and NO2 will efficiently compete for solvated electrons, the yield will be low. A small fraction of
the H atoms (and OH radicals) will probably attack these species (and other organic substrates) to
produce H2 (a^d water). Two of the α-rarboxy radicals thus produced will disproportionate and
yield carbonyl-containing compounds. However, in the tank, many of the a radicals may react
with NO3, NO2, NO, or O2; little information on such reactions is available.

6 . EFFECTS OF HIGH-SOLUTE CONCENTRATIONS ON RATES

The high-solute concentration in the tank will have several effects on rates of reactions and,
therefore, may indirectly affect yields of products. Three of these effects might be significant and
will, therefore, be explored here. These include viscosity, ionic strength, and the effect of time
from the event of absorption of the radiation energy on the rate constants. A fourth effect, quan-
tum mechanical tunneling, will be mentioned only briefly. In ideal (relatively dilute) solutions,
these effects are well understood (see, e.g., reference 73) and their influence can be accurately esti-
mated, but the high-salt concentrations in the tank generally complicate the assessment of this
influence.

A. Viscosity Effects

In general, it can be shown that a rate constant, k, for any reaction can be expressed as the sum
of reciprocals of the diffusion-controlled rate constant, kp, and the activation-controlled rate con-
stant, kA- 1 * 1

k kD kA

 v '

Obviously, from this equation, no rate constant can exceed ko no matter how large k,̂  may
become- Although reasonable predictions of the diffusion-controlled rate constant may be made,
no such estimates can be made a priori for activation-controlled rate constants.

Many of the reactions of the primary radicals with solutes or among themselves are diffusion
controlled- Any parameter that will affect the rate of diffusion may, therefore, modify the rate of
such reactions as well. The diffusion-controlled rate constant may be expressed (in M"1 s*1) as

(25)kD - 1 0 0 0 ,

where D ^ = D a + Db is the sum of the diffusion coefficients (in cm2 s"1) of the reacting species,
N o is Avogadro's number (6-02 x 102 3 molecules/mole), k is Boltzmann's constant (1.38 x 10"16

erg deg"1) and «

(26)

R

V(r) and R are the potential energy between the two reactants and the radius of reaction, respec-
tively. If at least one of the reactants is uncharged, then 3~l = R~l from equation 26- Equation 25
then simplifies to . _ _,,,

k D = 1000 - ( 2 7 )

Typical diffusion coefficients are in the range of 2 x 10~5 cm2 s"1, whereas for the solvated
electron D = 4 J x 10"5 cm2 s_1. Reaction radii arc often estimated as the sum of the ionic radii of
the reactants or estimated from bond lengths (R = Ra + R& *eaq = 2.5 A; often rb = 2 A). Thus, in
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agreement with experiment, ko = 2.3 x IG1^ IVH s"1 is a typical rate constant for diffusion-
controlled reactions of the solvated electron with uncharged scavengers.

Equation 27 shows that the diffusion-controlled rate constant depends on both the diffusion
coefficients and on the reaction radius. Because both are related to the viscosity, t|r via the Stokes-
Einstein relation (Da = kT/6rcr]lRa), equation 27 may be further simplified (assuming Ra = Rfc> =

8ST
K D ~ 3TI1000 " 3TJ1OOO "

With these assumptions, the rate constant is independent of the radii and, thus, of the species
involved in the reaction. At 25 °C with rj = 1 cP = 10-2 Poise, and R = 8.31 x 107 erg moH
deg"1, one obtains kp = 6.6 x 109 M* s"1. This estimate of a "universal" rate constant for a
diffusion-controlled reaction may be compared with die more accurate one calculated from equation
27. Because the viscosity of the tank solution may approach large values/74) the rate constants of
many of the diffusion-controlled reactions will be smaller than the dilute-solution values quoted in
the tables. However, because of the lack of specificity in the dependence of rate on diffusion, the
relative rates of many of these reactions are not expected to change significantly. Thus, the viscos-
ity may influence individual rate constants, b».: it should exert only a small effect on the final yields
of products. Because, tc a first approximation, the viscosity decreases exponentially with increas-
ing temperature, Icrj exhibits an Arrhenius-like temperature dependence, equation 29a.

r( = A e x p A ^ (29a)

Typical activation energies for diffusion are -14 kJ moH. At the prevailing temperature in the
tank (-60 °C), individual diffusion-controlled reaction rate constants will th ̂ refore increase by a
factor of -3 relative to their rate constants at 25 ° C Again, the relative rates will not be signifi-
cantly altered.

Equation 27 is valid only for reactions in which at least one reactant is uncharged- For
reactions between ions, the term $ in equations 25 and 26 should be evaluated. This term can be
expressed as

R _ ZgSfr { 3 0 )

where z\ are the charges of the ions, r0 = e2/skT = 7.1 x 10"8 cm for water at 25 °C, e is the charge
on the electron, 4.80 x 10"10 esu, and e is the macroscopic dielectric constant of the medium (78.6
for water at 25 °C). Equation 25, then, will assume the form

Many of the reactions of the primary products of water radiolysis have been evaluated accord-
ing to this equation, in particular those of the hydrated electron.('5) Good, agreement between the
predicted and measured values of ko is observed when the reaction is between two oppositely
charged ions. For ions of the same charge., estimates according to equation 31 are very sensitive to
the choice of the value of R.(73^
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B. Ionic Strength Effects

High-electrolyte (inert or otherwise) concentrations may affect the rates of reactions between
ions, whether they are diffusion or activation controlled. The well-known formalism developed by
Debye and Htiekel will suffice here, although more sophisticated models have also been developed
(e.g., Harned and Owens(76)). In principle, the effect arises from the fact that coimterions accu-
mulate in the vicinity of the reactant ions. Thus, an ionic atmosphere is created around the reactant
ions that will screen some of the electrostatic interaction between them. For a diffusion-controlled
reaction, this is equivalent to modifying V(r) in equation 26. For an activation-controlled reaction,
a similar Boltzrnann term appears in ICA because the reactants themselves, both of which are
charged ions, will assume a distribution around one another that is different from the bulk homo-
geneous distribution. Their concentration in the vicinity of one another is, therefore, different from
their bulk concentration. As a result of the formation of die ionic atmosphere around the reactant
ions, reactions between similarly charged ions will increase in rate, because the repulsive inter-
action between them will be partially screened at high ionic strength. Conversely, for oppositely
charged ions, the rate of reaction will decrease at high ionic strength.

Quantitatively, the Debye Huckel treatment leads to

k = k° exp(za zb r0 K) , (32)

where k° is the rate constant (diffusion or activation controlled) at zero ionic strength, and za, z&, rQ

were defined in the previous section. The parameter *rl, the so-called Debye radius, is often
regarded as the radius of the ionic atmosphere around the ion, and is given by

2 _
(lOOOekT) '

where p is the solution density and I is ihe ionic strength (defined as I = (1/2) Z a Zf2; cj is the
molal concentration of the i-th ion, and z, is its charge). For water at 25 °C (where K2 = 1.08 X
1O15«I cur2) equation 32 translates u>

log k = log k° + 1.02 za zb lm (34)

This equation is obeyed up to concentrations of approximately 10"2 M. A somewhat more precise
description, which is obtained by taking into account the finite size of the ions, is

(35)

The latter often holds up to 0.1 M concentrations. Above this concentration, the effect of ionic
strength is 'vs^kw than that predicted from equation 35. For all practical purposes, for the ionic
concentration;* taat exist in the tank, any electrostatic interactions will be completely screened by
the mgh ionic strength, and the reactions between charged ions will probably proceed with rate
constants that are typical for uncharged species (excluding specific interactions, complex forma-
tion, etc.).

As emphasized in preceding sections, many of the reactions of the primary radiolytic radicals
occur very rapidly. It is relevant, therefore, to question whether the ionic atmosphere around an
instantaneously created ion will develop prior to its reaction with a scavenger. The time required to
develop the ionic aanosphere, t , is approximately equal to the time required for an ion to diffuse a
distance equal to the radius of the ionic atmosphere, i.e., ic1. To calculate x, the Einstein equation
of diffusion,
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^ (36)

can be used. For I = 1 M and a typical D of 2 x 10*5 cm2 s_I, one obtains x = 1 x 10~u s for the
ionic atmosphere to develop. In comparison, the half-lifetime for the reaction of e ^ with NO3 at
1 M wffl be T1/2 = 0.69/(1.8 x 1010 x 1) = 3.8 x 10"11 s (at this high concentration k =1.8 x 1010

M"1 s'1 and not the value in Table 2). It seems, therefore, that the ionic atmosphere will relax
around the solvated electron at a rate that is only slightly faster than the reaction rate. Somewhat
slower relaxation times of the ionic atmosphere are predicted by the Falkenhagen equation: ̂  ™

6.92x10-9

' ( 3 7 )

where c is the molar concentration of the counterions, and A**, is their molar conductance at infinite
dilution. Since relaxation of the ionic atmosphere always occurs under attractive electrostatic inter-
action, it will usually develop before any reaction occurs between ions of similar charges. Thus,
the ionic relaxation around ê q is more rapid than the rate of its reaction with NO3. However, for
die reaction between oppositely charged ions (e.g., the hydrated electron and metal ions), the reac-
tions at high-salt concentrations often occur before the full ionic atmosphere around e ^ has devel-
oped. ' How would the rate constant for an ion, for which the ionic atmosphere has not yet
attained its equilibrium configuration, change? This has been only marginally investigated/ ' but
it seems reasonable to assume a geometric average of the rate constant at the high ionic strength and
in dilute solutions for the unrelaxed ion:

k' = (kok)W2, (38)

where k' is the rate constant for the unrelaxed ion and k is the rate constant calculated from equa-
tion 35.

To summarize the implications of high ionic strength of the waste solutions in yields: the only
charged primary radicals of concern in this respect are ejiq and O*. For the former, because the
overwhelming scavengers for ejjq are nitrate and nitrite, a similar increase in rate may be expected
for both. Thus, the fate of eaq will hardly change in the concentrated solution. For 0% the major
scavenger is NO2, and the rate of this reaction will increase relative to the rate in dilute solutions.
Secondary scavengers for O are the organic chelators, and their rate will also increase relative to
dilute solutions because these chelators exist in the waste solution as negatively charged ions. In
general, it may be concluded that the reactivity of 0" with either NO2 or the organic chelators will
approach that of its acid form, the OH radical.

C. Time-Dependent Rate Constants

The fact that many of the reactions of interest occur on a very short time scale introduces con-
siderations that are commonly neglected in classical kinetics. One such effect is the so-called time
dependence of the rate constant. When reactants (e.g., solvated electrons) are instantaneously gen-
erated by radiolysis in a solution, their original distribution within the solution will be completely
random. Hence, some of the reactants will be created very close to a scavenger molecule whereas
others will be generated far from any reactant. Those reactants that are generated near a scavenger
will react faster, and the population of those created close to scavengers will decrease more rapidly
than those of the more distant species. Eventually, a steady-state situation will be achieved a ound
the various reactants in which the concentration gradient of the scavenger around the reactant is
identical for all reactant molecules throughout the solution. At earner times, the rate constants are
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time dependent. The considerations discussed in the two previous sections apply. This problem
has been discussed in detail by Noyes.(80^ His expression for the rate constant at time t, kt, can be
recast as

' l + k" . . x , _ R , 1 O T 1 , (39)

where koo is the rate constant at long times (those given in the tables), and the other symbols have
their customary meanings. Experimentally, these effects have been observed for many scavengers
of the hydrated electron. (78) The faster the reaction (higher concentrations and larger kw), the more
significant the effect For uncharged species (measured for nitromethane, D ^ = 6.5 x 10"5 cm2 s"1;
R = 6.0 x 1Q-8 cm; k« = 2.9 x l'O10 M'1 s"1) at 1 M, the rate constant at the half-lifetime for the
reaction (t = 2.4 x 10*11 s) is nearly twice koo. For slower reaction rates, the effect is smaller (e.g.,
for acetone D ^ = 6.5 x lO'5 cm2 r 1 ; R = 5.0 x 10-8 cm; k« = 0.85 x 10 1 0 M"1 srl; at 1 M kt = k«,
within a few percent at the half-time). When both reactants are charged, the electrostatic effects dis-
cussed in the two preceding sections have to be taken into account in estimating k«,, but otherwise
the considerations are identical. For nitrate at 1 M concentration, kt at the half-life is twice k<».(78)

D . Quantum Mechanical Effects

The effects discussed in sections 6A-6C are all classical effects in which quantum mechanics
play no role. However, the electron is a quantum particle, and quantum effects will appear when
the reaction of interest is an electron transfer reaction. It is now well established that the electron
can be transferred over long distances, much longer than the sum of the radii of the two reaction
species. Consequently, situations may arise in which the electron is transferred with no physical
collision between the reactants. When the diffusion of the two reactants towards one another is
relatively slow (e.g., two ions of opposing charges), and when a strong driving force for the elec-
tron to be transferred exists, the electron may be transferred, via a tunneling mechanism, even
though the reactants are quite far apart. This may occur regardless of the solute concentration.
Long-range electron transfer by such a mechanism is currently under active investigation in many
laboratories. Our present assessment has little implication on the processes in the tank solutions.
Nevertheless, we evaluate this aspect of the chemistry because it implies that large radii, much
larger than could be predicted from the sum of the radii of the reactants, may be necessary to pre-
dict rate constants by using the phenomenological description of equation 25. Indeed, very large
reaction radii are required in order to explain the rates of reactions of the hydrated electron with
several negatively charged ions.(75)

When a reaction between two radicals is evaluated, it should be recognized thai: only encounters
in which the two unpaired spins produce a singlet state could be productive. Statistically, only 25%
of all the encounters could lead to a singlet radical-pair. This means that the diffusion-controlled
rate constant, krj (equation 24), has to be multiplied' by this factor (0.25) when the rate constant for
such a reaction is estimated. However, if the spin-lattice relaxation time of the radicals is much
shorter than the encounter time (lO*8-10"10 s) the spins will! reorient during the encounter and each
encounter will yield products. The latter is the situation for OH radicals (relaxation time <10~9 s).
Hence, most reactions of OH radicals will not be hindered by the spin; requirement. The majority of
radicals, however, have spin-lattice relaxation times in the μs time regime and the maximum reac-
tion rate constants achievable by these radicals will be only a quarter of the diffusion-controlled rate
constant.
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7 . EFFECTS OF TEMPERATURE AND PRESSURE ON YIELDS AND RATES

The chemistry in the tank solutions occurs at approximately 60 °C; hence, the effects of tem-
perature on yields and reaction rates of the primary radicals were also surveyed. Extensive studies
have been performed on these effects over a broad temperature ranged16) as they are important in
pressurized-water reactor systems. However, these studies were limited to relatively low solute
concentrations. Because many of the reactions relevant to this survey are close to the diffusion-
controlled limit, and because the physical properties of water do not significantly change in the
limited temperature range that exists in the tank, the effect of temperature is expected to be minimal.
However, the secondary reactions that occur below the diffusion-control limit may exhibit pro-
nounced temperature effects.

The effect of temperature on the sum of yields ZG(eaq) + G(H) + G(0H) has been measured
over the temperature range 20-200 °C.(81) These studies establish that the spur size extends to
larger distances at higher temperatures. This is mostly a result of the lower density of water at
higher temperatures, which, in turn, increases the thermalization length of the ejected electrons.
Consequently, yields of primary radicals, at times when spur processes are complete, will be more
dependent upon temperature than the yields at early times. In other words, the concentration of
radicals in the spur is tower at higher temperature, and, therefore, intraspur reactions (e.g., reac-
tions 4-6 for dihydrogen production) are somewhat slower at higher temperature. At the tempera-
ture range of the waste solution, the sum of yields of primary radicals that escape the spur
increases by 10% upon increasing the temperature from 20 to 60 °C.(81) It was also concluded that
G(eaq) + G(H) = G(0H), and thus the increase in the yield of the reducing radicals is also -10%.
More importandy, because the waste solutions are highly concentrated, most of the radicals will
react with the scavengers within the spur, and their escape yield will change little over the same
temperature range. In summary, we expect no effect of the elevated temperature on the yield of
primary radicals.

Activation energies for some of the rate constants of the primary radical reactions have been
measured and are summarized in Table 7. A more comprehensive compilation of activation ener-
gies for reactions of radiolytic processes can be found in reference 16. When the reaction is near
the diffusion-control iimit (but somewhat slower than the limit), the effect of temperature on both
kr_) and kA has to be taken into account. This can be done using equations 24 and 31. The depen-
dence of ko on temperature enters, then, through the dependence of the diffusion coefficients, Dai>
and the parameter ro (equation 31), on temperature. For reactions between ions, the Debye radius,
KT1 (equations 32 and 33), is also temperature dependent The best agreement with experimental
data was obtained when the temperature dependence of the diffusion coefficients of the primary
radicals was assumed to be identical to that of the self diffusion of water. (87) A simplified treat-
ment that assumes an activation energy for diffusion of Ea© = 12.6 kJ mol"1 often yields
reasonable agreement with experiments when the reaction is truly diffusion controlled.(°7) In
equation 24, the dependence of kA on temperature is the usual Arrhennis dependence. For the
cases where this analysis was employed, kA and its energy of activation are given in Table 7.

The value of the activation energy for the important reaction 11, which converts H atom to e^q,
is still controversial.C84'85) We quote in Table 7 the most recent value. Activation energies for the
important scavenging reaction of hydrated electrons by nitrate and nitrite (and also for ê q +- ej^8 6)
are difficult to quantify because they do not follow an Arrhenius dependence on temperature.(
The rate constant for the reaction of NO3 with eaq increases by a factor of two (1 x lO1^ to
2 x 1010 M'1 s'1), whereas that for the NOj increases even less (3.7 x 10? to 5.2 x IO9 M"1 srl)
upon increasing the temperature from 20 to 60 °C.(87) The activation parameters for the recombi-
nation of eiq to produce dihydrogen, given in Table 7, are valid only in the temperature range of 20
to 150 ° C
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TABLE 7. Temperature Effects on Rate Constants for Reactions of the Primary Radical

Reaction

ejjq+egq
H + H
OH + OH
HO2 + HO2

OH + H2

OH + H2O2
OH + CO32-
OH + HCO3*
OH + FeCNg4-
OH + Cu2+

QH + Fe2*
OH + HCO2-
OH + MeOHc

OH + i-PrOHc
OH + t-BuOHc

O- + MeOHc

Q- + i-PrOHc

ei j+02
eSq + H+
eaq + Cd2+

H + OH-
H + O2
H + H2O2

Ea*
kJmoH

23.0
14.6

4.8
3.5

11.0

2.8
2.4

38.5

EaA
a

kJmoF

3.7
22.8

18.0
13.0
23.6
21.2
7.0

13.3
9.2
4.0

11.5
14.5
12.0

6.2
16.6

kA(298 K)
M-* s-1

2k = 1.0 x 101G

2k=1 .6x iO 6

4.0 x 107

3.0 x 107

4.2 x 108

8.5 x 106

4.0 x 1010

3.4 x 108

4.6 x 108

6.5 x 109

6.5 x 1010

3.0 x 101°
5.0x1011

3.2 x 1010

5,0 x 107

kobs(298 K)
M-l s-i

2k =1.1x101°
2k = 1.5 x 1010

b

b

b

b

b

b

b

1.0 x 109

2.9 x 109

7.0 x 108

8.6 x 108

1.5 x 109

2.4 x 107

b

Reference

86
92
87
87

87
87
87
87
87
87
87
87
83
87
87

83
83

87
87
87

84
87
87

is the activation-controlled rate constant and EaA is the activation energy for kA to be used in
equation 31. Eao = 12.6 kJ moH is often used for the diffusion-controlled rate constant, see
text

^The reaction is slow enough to justify kobs=kA-
i-PrOH, t-BuOH are methanol, isopropanol, and t-butanol, respectively.
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Few other thermodynamic parameters for other relevant reactions have been measured. For
reaction 40, AH is temperature dependent. (82) Experimentally, the pKa of this reaction changes

OH — Q- + H+ (40)

from 11.85 at 20 °C to 10.81 at 80 °C, but most of this change could be accounted for by the
change in Kw with temperature. (83) For the pKa of the HO2 radical, AH = 0 has been estimated
and a value of AH = -15.4 id/mole has been determined for reaction 41 .$2)

0H + 0H- — O- + H2O (41)

Activation energies for hydrogen-atom abstraction reactions by OH or O" from organic sub-
strates (Table 7) are even smaller than the activation energy for self diffusion of the radical in
water. This was taken to indicate that these reactions are slower than the diffusion-controlled limit
and probably proceed via a short-lived intermediate. (87) Significantly, no information is available
on the effect of temperature on the rate of dihydrogen production via hydrogen abstraction from or-
ganic compounds (reaction 42). Because the rate constants for this reaction are often smaller than

RH + H - H2 + R (42)

the diffusion-controlled limit, they may be expected to have relatively higi?-activarion energies.
The increase in temperature may, therefore, increase the rate of reaction 42 relative to the other
reactions that H atoms undergo and thus increase the yield of H2. The activation parameters for the
oxidation of a few phenolates by NO2 radicals have been recently measured (Ea = 31 ± 4 kJ moH;
logA = 13.4 ± 0.4).(5°) No information is available on the effect of temperature on rates of other
NOx radicals.

It seems clear from this discussion that the effect of temperature on the rates of reactions of the
primary radicals with the substrates available in the tank solution will not be large. However, the
effect of temperature on hydrogen abstraction from organic substrates by H atom may be signifi-
cant.

The pressure in various regions within the tank will be somewhat elevated due to hydrostatic
forces. The density of the waste solution implies that the pressure at the bottom of the tank may be
2 atm. The question therefore arises as to the possible effects of the pressure on the yields and
rates of the radiolytic processes. Several studies have been conducted to measure these
effects-(88-91) i n m e range of 1-8 x 103 atm, no effect of pressure on G(H2), G(H), or G(e^q)
could be observed in neutral solutions. Secondary reactions, including hydrogen abstraction by
hydrogen atoms from organic substrates, do exhibit an increase in G(H2) upon increasing the pres-
sure in this range. However, within the pressure ranges relevant to the tank solution, this increase
is completely negligible. In summary, pressure effects should be of no concern in any considera-
tion of dihydrogen yields. Nc documentation of the effects of pressure on NOX yields was found
in the literature.

8. CONCLUSIONS

Several points of importance that emanate from this survey will be summarized below in the
same order in which they were discussed in the text

a. Nonhomogeneous kinetics should be considered in analyzing the primary radiolytic reac-
tions. Considerations based on homogeneous models are only marginally relevant to the concen-
tration regime prevailing in the waste solutions.
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b. The vast majority of the species produced radioiytically will convert to their basic forms.
However, some scavenging reactions will efficiently compete with the neutralization reactions at
early times. The major scavenger for e ^ and its precursors is N(X, and for H and OH (O~) it is
NO2.

c. Dioxygen will be produced by the direct effect of the radiation on nitrate and nitrite. The
organic content cannot prevent O2 formation by this pathway, but the presence of organic
molecules may lead to the destruction of oxygen via organic radical reactions with O2 in later steps.

d. Much information is available on the yields of H2, 02, and other products in nitrate solu-
tions in the more conventional pH ranges. Less work has been done on nitrite systems and very
little on mixtures of nitrate and nitrite. The general observations are clear:

High-nitrate and -nitrite concentrations lead to lower H2 yields and higher O2 yields; higher
organic content always leads to higher H2 yields. There is an empirical universal dependence of
dihydrogen yields on scavenger reactivity, and this relationship may be used to estimate the yield.
Aside from the direct production of H2 by water radiolysis (i.e., frorr dissociation of watsr
molecules or from recombination of the reducing radicals, all of which amounts to G(H2) < 0.06),
the only radiolytic pathway for the production of H2 is via hydrogen abstraction by hydrogen
atoms from organic substrates. Nitrate is so extremely efficient in scavenging eaq and its precur-
sors that at a concentration of -1 M it will completely prevent H2 production from e^q sources.
Nitrite, even though it is an efficient H-atom scavenger, is not so dominating. Other H-atom scav-

engers (organic compounds) may efficiently compete with nitrite.
e. While an extensive data base is available on the reactivity of the primary products of water

radiolysis, very little is known about the reactivity of secondary radicals, in particular of the NOX

system, with organic substrates. This should be a major effort in future experiments. We hope the
parallel literature search on thermal reactions of this system will provide more information on this
aspect of the waste chemistry. Although there does not appear to be a convenient pathway to the
conversion of these substances to dihydrogen, these substances may be converted to N2O.

f. The effects of temperature, pressure, viscosity, and high ionic strength on yields of prod-
ucts and reactivity of the primary radicals are reasonably well understood. None of these factors
are expected to appreciably affect the reactivity and yields. Most importantly, though, the effects
of temperature on the reactivity of hydrogen atoms and of the secondary radicals (again, NOX are
the focal point) are not known, and they are expected to be strongly temperature dependent

Some considerations of chemical (as distinct from physical or mechanical) remediation strate-
gies, internal to the tank (as distinct from external), are appropriate at this point. In order to mini-
mize hydrogen production, the intuitive approach would be to utilize a hydrogen-atom scavenger
that will not lead to H2- Among such candidates, nitrite is undoubtedly the most attractive scav-
enger (assuming that nitrate is at the ~1 M concentration level). We, therefore, recommend that
high priority be assigned to the analytical determination of nitrite concentration in the tank. Any
depletion below the -2 M level could be corrected with little additional deleterious effects. Other
inorganic candidates pose a dilemma because they will necessarily be relatively strong oxidants that
may lead to the undesirable generation of potentially explosive mixtures. Nonetheless, they may
be explored on a laboratory scale prior to specific recommendation. Sulfide (polysuifide at high
pH) was considered, but, from the purely radiolytic mechanistic point of view, it is believed that
HS" will be the scavenger for hydrogen atoms and its reaction will produce dihydrogen. Organic
scavengers are considered less desirable because of less favorable economics and the chemical
complexities that they may introduce. Hydrogen atoms wiJl react with organic additives either via
hydrogen abstraction (the reaction to avoid) or via addition to unsaturated bonds, olefinic or aro-
matic. Perchlorinated organic substrates, and perhaps aromatic derivatives, will eliminate the
former route but their price, stability, solubility, and the chemical consequences (production of
HQ is not a major concern) may be prohibitive.
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