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ELECTROCHEMICAL TREATMENT OF MIXED (HAZARDOUS AND 
RADIOACTIVE) WASTES 

Jacek Dziewinski, Christine Zawodzinski and Wayne H. Smith 

Los Alamos National Laboratory, 
Los Alamos, New Mexico, USA. 

ABSTRACT 

Electrochemical treatment technologies for mixed hazardous waste are currently under 
development at Los Alamos National Laboratory. For a mixed waste containing toxic 
components such as heavy metals and cyanides in addition to a radioactive component, the 
toxic components can be removed or destroyed by electrochemical technologies allowing 
for recovery of the radioactive component prior to disposal of the solution. Mixed wastes 
with an organic component can be treated by oxidizing the organic compound to carbon 
dioxide and then recovering the radioactive component. The oxidation can be done 
directly at the anode or indirectly using an electron transfer mediator. This work describes 
the destruction of isopropanol, acetone and acetic acid at greater than 90% current 
efficiency using cobalt +3 or silver +2 as the electron transfer mediator. Also described is 
the destruction of cellulose based cheesecloth rags with electrochemically generated cobalt 
+3, at an overall efficiency of approximately 20%. 

INTRODUCTION 

According to the Resource Conservation and Recovery Act (RCRA) introduced by-the -
US Congress in 1976 and amended in 1984,1986 and 1988, every hazardous waste must 
be treated prior to disposal. A hazardous waste containing low levels of radioactivity is 
categorized as a mixed waste, and additional regulations apply to the treatment of mixed 
waste, as well as the RCRA regulations. Considerable volumes of mixed waste exist at 
facilities operated by the United States Department of Energy. These wastes include spent 
plating and plating rinse baths containing toxic metals and cyanides, halogenated solvents, 
aromatic compounds, oils and greases, and solutions high in nitrate concentration. 

Many treatment technologies exist for these wastes but may have drawbacks. For 
example, many treatments require additional chemicals which while removing the 
hazardous or radioactive component adds to the total disposal volume. Other treatments, 
such as incineration, have essentially been regulated out of existence. At Los Alamos we 
are currently investigating alternative mixed waste treatment processes based on 
electrochemical technologies. 

There are some distinct advantages to electrochemical as compared to more conventional 
treatment technologies. Because electrochemistry is carried out in aqueous solution, the 
temperature cannot be greater than approximately 100 °C so there is little likelihood for 
radioactive emissions as compared to the high temperature incineration process. Also, for 
many of the wastes treated it is not necessary to add chemical reagents, all of the work is 



done by the action of electrons flowing through the solution. Thus, no secondary waste is 
generated in the treatment process. Greater control can be exercised over the reactions via 
the application of applied potential or current so there is little chance for a runaway 
reaction or explosion. In many cases the reaction can be instantaneously terminated by 
simply turning off the power supply. Finally, the cost of setting up and operating an 
electrochemical treatment is relatively inexpensive. 

Our efforts are focused on the mixed wastes currently existing at Los Alamos. These 
wastes are for the most part representative of wastes throughout the nuclear complex and 
it is expected that whatever treatment processes are developed here will be implemented at 
the other sites on an as needed basis. With this in mind our intention is to design and 
construct a generic skid-mounted electrochemical treatment apparatus that can be moved 
to different locations to treat waste on-site. Meanwhile we have been investigating on both 
a laboratory and pilot scale the electrochemical treatment of a variety of mixed wastes. 
This article describes the results of our investigations as well as those of other researchers 
who have examined electrochemical treatment methods. 

CYANIDE PLATING SOLUTIONS 

A considerable amount of metal plating has been and continues to be done in alkaline 
cyanide plating baths. The cyanide is extremely toxic and must be destroyed before the 
solution can be disposed. In most instances the heavy metal(s) must also be removed from 
the bath prior to disposal, especially if it contains a particularly toxic substance such as 
cadmium or mercury. Conventional treatment technology consists of oxidizing the cyanide 
to cyanate or carbonate with chlorine or hypochlorite. The heavy metal component is then 
precipitated as the hydroxide in the form of a sludge or collected and concentrated by ion 
exchange. 

An alternative to this procedure is an electrochemical treatment process. Theoretically the 
heavy metals in the rinse solution or spent plating bath can be plated out at a cathode 
while the cyanide is simultaneously converted to cyanate or carbonate and nitrogen at the 
anode. Which of these species are formed during the cyanide destruction is a function of 
solution alkalinity and anode material*. For waste copper cyanide solutions platinum*»2, 
lead dioxide-*, graphite^ and stainless steel^ have been used as anodes and have all 
been effective at carrying out cyanide oxidation. 

The efficiency of the electrochemical process depends on the concentration of metal and 
cyanide in solution and applied current density. For a given current density, the overall 
current efficiency for cyanide destruction approaches 100% at high concentrations. At low 
concentrations of cyanide and metal ion the current efficiency drops off rather dramatically 
due to the heterogeneous nature of electrochemical reactions. However, some 
improvements in efficiency can be made through the use of packed-bed or porous flow-
through electrodes^,?, with a packed-bed graphite electrode a solution with an initial 
cyanide concentration of 580 ppm can be reduced to less than 10 ppm at a lower cost 



than the conventional alkaline chlorination treatment**. Pulsed current techniques may also 
improve overall current efficiency and are currently under investigation. 

ORGANIC COMPOUNDS 

There are several categories of mixed waste in our chemical inventory that must be 
treated. These include "neat" organics such as vacuum pump oil and greases, hazardous 
organics dissolved in aqueous solution such as spent solvent extraction solutions 
containing the organic extractant and carrier, and non-hazardous organics dissolved in 
aqueous solution which includes common solvents like isopropanol. Each of these 
categories contains a radioactive component which must be removed prior to disposal. 
One approach to the problem is to first remove the organic component then recover the 
radioactive component through standard procedures already in operation. 

Electrochemical oxidation in aqueous solution is one process by which the organic 
component can be removed. As in incineration the compound can be oxidized to carbon 
dioxide and water, but at ambient or slightly elevated temperature. Some organic 
compounds can be oxidized directly at the electrode while the majority cannot. The most 
common approach is to electrochemically generate a powerful oxidizing agent at the 
electrode surface that then brings about the oxidation of the organic in solution. 

This electron transfer mediator must possess several desirable characteristics. It must have 
good solubility in both of its oxidation states, a relatively high redox potential, possess 
rapid heterogeneous electron transfer kinetics, react rapidly with the compound to be 
oxidized, be stable in aqueous solution, and be inexpensive or recyclable. Few redox 
couples satisfy all of these criteria. 

The original work in this area focused on the silver +1/+2 redox couple as the electron 
transfer mediator^. Silver +2 is a powerful oxidizing agent with a standard redox potential 
of +1.98 volts. It also exhibits rapid homogeneous and heterogeneous electron transfer 
kinetics, and it is soluble in strongly acidic media. Unfortunately, halide salts of silver +1 
are largely insoluble which limits its use to non-halide containing waste. Also, it is a 
RCRA listed metal and its concentration must be less than 5 ppm prior to discharge of the 
solution. This means a silver recovery step must be added to the treatment process. 

Other metal ion redox pairs that have been investigated include cobalt +2/+3, cerium 
+3/+4, chromium +3/+6 and iron +2/+3. Cerium is characterized by kinetically slow 
heterogeneous electron transfer kinetics. Chromium in the +6 oxidation state is considered 
a hazardous metal and therefore must be reduced to the +3 state or removed from the 
solution prior to disposal. The iron +2/+3 standard redox potential is only +0.77 volts and 
therefore not a strong oxidizing agent. The cobalt +2/+3 couple on the other hand exhibits 
all of the desirable characteristics listed above, including a high positive redox potential, 
and has been the focus of our work. 



As a test case we investigated the electrochemical oxidation of isopropanol, a common 
organic solvent. Since the normal recovery operations for most radioactive elements are 
carried out in acidic media, it was decided to carry out the destruction of isopropanol in 
acidic media as well, with the intention of recovering the radioactive element immediately 
after destruction of the organic. We also did a comparison between using cobalt versus 
silver as the electron transfer mediator and with no mediator added, i.e. direct 
electrochemical oxidation. 

Experimental 

The majority of the experiments were carried out in a standard H-cell that could be fitted 
with a membrane to separate the anolyte and catholyte. Both ceramic and Nafion cation 
exchange membranes were investigated. A 1 in^ platinum foil was used as the anode, a 
platinum wire served as the cathode and potential measurements were made with respect 
to a saturated calomel reference electrode. Constant current electrolyses were carried out 
using a Sorensen model DCR 20-13B power supply fitted with an Electrosynthesis 
Company model 630 digital coulometer to monitor total current flow. Pilot scale studies 
were conducted with an ElectroMP Cell (Electrosynthesis Company) containing a 
platinum coated titanium anode, a 316 stainless steel cathode, and a Nafion cation 
exchange membrane. The electrode surface area was 0.01 m .̂ 

The rate of generation of electron transfer mediator was monitored spectrophotometrically 
by pumping the anolyte solution through the sample compartment of a Hewlett-Packard 
Model 8452 Diode Array Spectrophotometer fitted with a flow-through cuvette. The rate 
of destruction of organic compounds was monitored by gas chromatography using a 
Hewlett-Packard 5890 Series II gas chromatograph fitted with a Supelcowax 10,30 meter 
capillary column, and flame ionization detector. Samples were taken from the anolyte with 
a microliter syringe and injected directly into the chromatograph. 

Results 

The first part of this study examined the kinetics of formation of the electron transfer 
mediators. It was found that for both silver +2 and cobalt +3 the solution acidity had to be 
maintained at 6 M or higher to prevent oxide formation and precipitation on the electrode 
surface. Therefore all measurements were carried out in 6 M nitric acid solution. 

The oxidation of silver +1 to +2 in 6 M nitric acid occurs at a potential slightly less 
positive than the oxidation of water to oxygen and protons. Thus it was impossible to 
obtain a well defined voltammetric wave. Generation of silver +2 can be done at 
approximately 100% efficiency but only by applying a potential slightly less positive than 
the potential at which water is oxidized or by applying a fairly low current density. The 
effect of current density of silver +2 generation is shown in Figure 1. As can be seen in the 
figure the efficiency of silver +2 generation falls off rather dramatically as the current 



density is increased. At the higher current densities an increasing fraction of the total 
current is spent oxidizing the solvent. 

Place Figure 1 and Figure 2 here 

Figure 2 shows the effect of temperature on the efficiency of silver +2 generation. The 
efficiency decreases sharply with increasing temperature. Silver +2 ion reacts slowly with 
the solvent at room temperature and is reduced back to silver +1. At room temperature 
this reaction is quite slow, a 0.5 M solution takes approximately 24 hours for complete 
conversion. The reaction rate increases with increasing temperature such that the steady 
state concentration of silver +2 is quite low at elevated temperatures. 

Oxidation of cobalt +2 to cobalt +3 occurs at a potential slightly more positive than water 
oxidation. Thus it is impossible to oxidize the cobalt without simultaneous oxidation of the 
solvent. Cobalt +3 generation as a function of current density is shown in Figure 3. As in 
the case of silver, the efficiency decreases with increasing current density. Figure 4. shows 
the effect of temperature on cobalt +3 generation. Once again the efficiency of this process 
decreases with increasing current density. 

Place Figure 3 and Figure 4 here 

The mechanism of isopropanol oxidation appears to be the same whether done directly or 
in the presence of an electron transfer mediator. The oxidation scheme is presented in 
Figure 5. The first step in the process is generation of acetone, which is then further 
oxidized to acetic acid and methanol. The methanol is very rapidly oxidized to carbon 
dioxide, but the acetic acid resists further oxidation at room temperature. At elevated 
temperatures, 80^C, further oxidation of acetic acid proceeds smoothly and rapidly. In 
fact, at 80^C the oxidation of isopropanol, acetone and acetic acid all occur at greater 
than 90% current efficiency and are so rapid that no intermediates are detected during the 
reaction. The overall efficiency for the destructive oxidation of isopropanol lies in the 
order: cobalt +3 mediator > direct oxidation > silver +2 mediator. 

Place Figure 5 here 

Interestingly the conditions favoring the oxidation of isopropanol. high temperature and 
high current density, are exactly the opposite of the conditions favoring efficient 
generation of the electron transfer mediators. This can be explained by the relative rates of 
the chemical reactions involved. The limiting factor in electron transfer mediator stability 
is its rate of reduction by water, which increases with increasing temperature. The 



reduction of the mediator with isopropanol also increases with increasing temperature but 
at a faster rate. Therefore increasing the temperature favors reaction of the mediator with 
the organic substrate. 

A second organic substance treated by mediated electrochemical oxidation is cheesecloth 
rags, a cellulose based material. These rags had been used for general cleaning purposes 
and are characterized by having a substantial volume with only trace amounts of 
radioactive elements. It is desirable to either reduce the volume of this waste to lower the 
cost of disposal, or destroy the rags entirely and recover the radioactive elements. The 
principal component of cellulose is polymeric glucose units, an organic compound 
consisting of hydrogen, carbon and oxygen. Cellulose is a solid at room temperature and is 
insoluble in aqueous solution. Therefore, in order to treat the rags using mediated 
electrochemical oxidation it was necessary to process the rags through a ball mill to break 
them down into a powder that was then suspended on a porous platform in the reaction 
cell. The anolyte containing the electrochemically generated cobalt +3 was passed through 
the suspension to bring about the reaction, then recirculated through the electrochemical 
cell for regeneration of the mediator. The cellulose rags were totally destroyed using 
cobalt +3 in 6 M nitric acid. Analysis of the solution after the reaction showed a only trace 
of acetone as the sole organic compound present. The overall current efficiency for this 
reaction was approximately 20%, considerably less than for the destruction of 
isopropanol, acetone and acetic acid under similar operating conditions. This is due to the 
slow rate of reaction between cobalt +3 and the cheesecloth, which is the rate determining 
step. As cobalt +3 is generated a steady state concentration builds up in solution. The 
higher this concentration the faster the rate of destruction of cellulose. Therefore 
conditions that lead to high cobalt +3 generation, i.e. low current density and low 
temperature, also give faster reaction rates, just the opposite of the isopropanol reaction. 

CONCLUSION 

Electrochemical methods of treatment exist for a variety of inorganic and organic mixed 
wastes. It is both technically sound and economical to treat the hazardous component and 
recover the radioactive component before disposal of the solution. From these studies it is 
clear that there will be a unique set of operating parameters giving optimum efficiency for 
each organic substrate or class of organic substrates to be destroyed. 
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