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The purpose of this statement 1s to Introduce the subject of oxida-

tion potential, En, and to discuss its control in experiments. No

similar statement will be made for hydrogen ion concentration, which 1s

expressed as pH, since control and measurement are much better established

for pH than for E n.

After the concept of En 1s reviewed below, the range of oxidation

potentials expected to be associated with a repository for high level

nuclear waste will be addressed. Finally, three laboratory methods of

controlling En will be described, along with some perspective that has

been derived from experience given for each method.

Oxidation Potential

Common constituents of groundwater that exist in two or more

oxidation states are hydrocarbons and molecules of i ron, sulfur, nitrogen,

and manganese. The extent to which these constituents are being oxidized

or reduced can be represented by an electric potential reflected In the

equilibrium of the oxidation and reduction (redox) reaction that governs



the concentrations of the oxidized and reduced species. This potential

Is referred to In the geochetrrical literature as the oxidation potential,

En, and Is given by the Nernst equation
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where E° 1s the standard oxidation potential for the reactants, aox

and a r e d are the oxidant and the reductant. R Is the universal gas

constant (1.987 cal/degree-mole), T Is the temperature In Kelvin, n Is

the number of electrons occurring In the redox reaction, and F 1s the

faraday constant (23,060 cal/V«mol). The terms In the brackets represent

activities (equivalent to concentrations in dilute solutions) of the

oxidized and reduced species. The oxidation potential decreases for

decreasing activity of the oxidized species relative to the activity of

the reduced species.

Oxidation potential of a groundwater is not always describable by

a single value. I f the groundwater does not contain reactants undergoing

reduction and redox oxidation, then the oxidation potential is indeter-

minate and may exist at any value for which water is stable. Even when

redox couples are present, the couples may give different values of the

redox potential i f the redox products are not in equilibrium. For

example, a sulfite-sulfate couple and a ferrous-ferric couple may

exist simultaneously in a solution but not be Interacting. The oxidation

potentials calculated from the concentrations of reduced and oxidized

species may differ for each couple. In such situations, I t would be

misleading to assign an oxidation potential to the solution without

describing the observed heterogeneity of the system.



Radioelements of Interest in nuclear waste disposal that may exhibit

multiple valence states in groundwater are iodine ( -7 , - 5 , -1 states),

selenium (+6, +4, 0, -2) technetium (+4, +7) , uranium (+4, +5, +6) ,

neptunium (+3, +4, +5) and plutonium (+3, +4, +5, +6). The stable

concentrations of these states are determined by the oxidation potential

of the water.

Oxidation Potential in a Nuclear Waste Repository

At sufficiently high oxidation potential, water wi l l be decomposed

to generate free oxygen, with hydrogen consumed by the oxidant (chemical

agent causing the oxidation). At sufficiently low oxidation potential,

water wi l l decompose to generate free hydrogen with oxygen consumed.

Therefore, the oxidation potential in equilibrium geochemical systems

having water as a phase is limited to the range in which water is stable.

This range varies with pH of the water, being 0 to 1.2 V at pH 0, and

-0.8 to 0.4 V at pH 14.

Groundwaters may have very low concentrations of constituents that

undergo redox reactions. For example, neutral and basic solutions

without unusually high concentrations of complexing ligands are low in

dissolved iron (e .g . , ferrous ion solubility in water at a pH of 8 is

ol x 10"6 M). In the absence of other En-controlling species in solution,

the oxidation potential of the solution wi l l change in response to

different so1 ds placed in contact with the solution. Materials such

as metal, glass, and host rock are very diverse in terms of oxidation

potential , and may impose many different oxidation potentials locally on

groundwater that traverses a repository containing such materials. This

situation is i l lustrated in Figure 1 , where oxidation potential is
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Fig. 1. Groundwater Path Through One Canister Within a Nuclear Waste
Repository is Shown in the Upper Part of the Figure. Oxidation
potential of groundwater along the path is shown in the bottom
part of the figure. Dashed lines represent the region of
stability of s^oundwater at a pH of 8.

plotted for different positions within a portion of a hypothetical

repository. The great variability in oxidation potential results, in

this example, from the strongly reducing condition of backfill (e.g., due

to Fe2+ In the crushed basalt component of backfill in the specific

case of a repository in basalt), from the strongly reducing property of

the metal canister, and from the strongly oxidizing condition of the



waste solid (e .g . , due to the presence of oxygen during melting and/or

sintering to form the solid waste). Old fissures are considered 1n this

example to be passivated with respect to oxidation-reduction and to lower

the oxidation potential of the groundwater only weakly. The example

suggests that a wide range of oxidation potentials may need to be

considered 1n a repository design even though the host rock or any ether

component of the repository may have a single and well-defined oxidation

potential .

Laboratory Methods of Controlling Oxidation Potential

While redox reactions can proceed thermodynamically, they are very

often sluggish, with nonequilibrium conditions able to persist for

thousands of years in a geologic environment. In this property, En

dif fers In an Important way from pH because acid-base reaction can always

be considered to proceed nearly instantaneously. When controll ing

oxidation potential , an experimenter cannot assume that chemicals in

proximity have necessarily reacted.

In Table 1 are l is ted three methods of controlling En that have

been used In laboratory experiments to study nuclide migration. The

f i rs t method, electrochemical, relies on apparatus such as potentiostats

and electrodes to impose a specified oxidation potential on the ions of

the solution. The application of this method to the control of neptunium

oxidation is described in another report of this workshop (Meyer) and

Is not further discussed in this statement.

The second method Is to add chemicals to a solution In suff icient

quantity so that the redox couple of the chemicals establishes the



Table 1 . Methods for Laboratory Control of En

Method Apparatus

Electrochemical Potentiostat, electrodes

Chemical Additions Quinhydrone, osmium
complexes, sodium
hydrosul f i t e , hy drazi ne

System Control Gas-tight chamber, gas
mixers, redox controlling
solids

oxidation potential of the solution. The chemicals would have to have a

couple with an experimentally manageable ratio of concentrations of redox

species at the required potentials. Also, the chemicals would have to

exhibit chemical stabil i ty and rapid reaction and to be soluble in

solutions of appropriate pH. Such chemicals could include the Fe2+-Fe3+

couple, as in the case of Zobel's solution, except that iron exhibits

very low solubility at high pH (Fe3+ in groundwater at a pH of 8.0

exhibits a (calculated) solubility of ^1 x 10"23 M). Therefore, the

Fe2+-Fe3+ couple has applications only at very low pH.

Chemicals such as quinhydrone and osmium complexes do not occur

naturally in groundwater. Although they may establish the specified

oxidation potential when added to water, there is concern that they may

complex directly with the redox-sensitive elements being examined, to

further complicate the interpretation of experimental results. An

alternative would be to use solid chemicals that occur naturally such

as Fe(0H)2 and Fe(0K)3 as redox buffers. This alternative introduces



the third method—that of allowing the repository system under study to

control the oxidation potential.

The third method specified In Table 1, that of system control, Is

based on the concept of excluding any extraneous Influence on oxidation

potential so that the geologic and repository materials under investi-

gation can maintain the oxidation potential. Air is excluded by locating

experiments inside sealed chambers in which the composition of the gas Is

controlled. When the amount of oxygen accessible to the solutions is

limited, the redox couples of the materials can establish oxidation-

reduction potentials as they would under more natural conditions.

The sealed chambers used experimentally may be (1) gas-tight boxes

In which gas composition is controlled or (2) gas-tight apparatus from

which gas is completely excluded. In the latter situation, levels of

dissolved oxygen in solutions may be controlled by sparging the liquid

with gas of known composition prior to admitting the liquids into the

gas-tight apparatus.

Reproducing natural conditions 1n the laboratory we may suffer from

the same low rates of reactions as are experienced in nature. This

problem may be exacerbated in the laboratory, i f constituents of a

natural environment that are actually catalysts to redox reaction are

excluded. Microorganisms are known to catalyze all of the major redox

reactions that occur in groundwater. Enzymes from bacteria and other

organisms Increase the rate at which redox-sensitive constituents react,

thus lessening the time required to establish equilibrium concentrations

of reaction products.
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Minerals such as clays and zeolites are also known to catalyze

redox reactions and are used In Industrial processes for this purpose.

Manganese oxides, which occur in many natural situations also are known

to promote the reaction of redox couples, probably by serving as electron

donor/acceptor material during electron transfer, although the oxides are

not permanently modified in the process. The existence of these naturally

occurring catalysts suggest that catalysts can be Identified and used to

promote redox reactions in the laboratory. With a good choice of catalyst

It may be possible to generate reactions in the laboratory in a few days

that would occur only after thousands of years in nature with the same

concentration of reactants and under the same conditions of temperature

and pressure.

In conclusion, this summary is an attempt to present the concept of

oxidation potential and to review laboratory methods of controlling

oxidation potential in order to reflect redox conditions expected in a

repository environment. As with most technical questions, several

diverse experimental approaches are appropriate to issues of repository

performance and have been reviewed here. Experimental results have to be

Interpreted with a full understanding of chemical phenomena, including the

likelihood of slow reactions with metastable states of reactants and

products.

Questions and Answers

Barney: Do you have an example of using a system to control En? How

long doss it tak-a to come to an En that would be comparable to

a repository condition?



Seitz: Data from our laboratory experiments Indicates that neptunium 1s

reduced by exposure of groundwater solutions to freshly cracked

basalt. The basalt contains Fe2+ In grains of oilvine, pyroxene

and spinel which would reduce neptunium and promote precipitation

from solution. In our experience, neptunium In a basalt fissure

that 1s 0.25 mm wide is reduced and precipitated in one hour.

Using basalt surfaces that have been hydrated by hydrothermal

treatment, we see evidence that the reaction is much slower.

The time of reaction obviously depends on the system being

studied and the actual experimental conditions.

Barney: We've done experiments in glove boxes looking at the adsorption

of technetium on basalt, for example, and I t takes a long time

before a decrease 1s seen in the concentration of technetium due

to reduction by the iron in basalt.

Seitz: We would have to compare experiments for a particular element in

detail sir.ce reaction rate is dependent on surface area of the

solid and the volume of the solution. I do not have data for

technetium, but technetium may be reduced much more slowly than

neptunium, and possibly a comparison of our results would indicate

this. But reaction rates, even for a single element, can vary

depending on the presence or absence of appropriate catalysts,

and so a detailed comparison of experimental procedures would be

needed before we could arrive at specific statements about rates

of redox reactions seen In different experiments.

Meier: ' don't think you discussed how to bring about different oxida-

tion potentials in our system since a continuum of potentials
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would be required. If you bring organic molecules into the

system then i t is a disturbance. Correct?

Seitz: The Idea would be that by adding various concentrations of

oxidized and reduced species, we control oxidation potential at

any value we desire (In a way expressed in equation 1). Of

course, the ratio of oxidized to reduced species may drift. The

situation is analogous to adjusting the pH of a solution. If

the solution is in contact with solid calcium carbonate, for

example, we will not be successful at maintaining low pH unless

we continuously add acid. Even then, the low pH condition Is

only temporary and depends on continued addition of acid. This

may not be an experimentally favorable method of maintaining low

pH. Rather, one should remove the calcium carbonate or reconsider

the reason for wanting a low pH.

Yes, I would agree that redox-control1ing chemicals can be

considered a disturbance to a geochemical system. The chemicals

may complex with or otherwise radically affect the properties

of the species we wish to study. I think the people that

attempt to control En with chemical additives are painfully

aware of this problem.
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