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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracjr, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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ABSTRACT. 

Los Alamos National Laboratory ( M L )  and The University of New 
Mexico are jointly developing an electrochemical process for treating 
hazardous and radioactive wastes. The wastes treatable by the process 
include toxic metal solutions, cyanide sdutimw, and various organic 
wastes that may contain chlorinated organic compounds. The matn 
aornpanent of the process is a stack of electrolytic cells with peripheral 
equipment such as a rectifier, feed system, tanks With feed snd treatecl 
solutions, and a gas-venting system. During the treatment, toxic metals 
are deposited on the cathode, cyanides are oxldized on the anode, and 
organic compounds are anodically oxidized by d i d  or mediated 
electroexidation, depending on their type. Bench scale experimental 
studies have confinned the feasibility of applying electrochemical systems 
to processing of a great variety of hazardous and mixed wastes. The 
operating parameters have been defined far different waste compositions 
using surrogate wastes. Mixed wastes w e  currently treated at bench 
scale as pad of the treatability study. 

INTRORUCTION. 

MU03 

According to the Resource Conservation and'Recouery Act (RCRA)' infroduked by the, 
US Congress in 1976 and ammded 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, ions and greases, and solutions 
high in nitrate concentration. 
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Many treatment technologies exist for these wastes, but they 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 Alamus National Laboratory we are currently investigating alternative mixed waste 
treatment processes based on electrochemical technologies. 

There are some distinct advantages ta electrochemical as compared to more 
conventional treatment technologies. Because electrochemistry is carried out in 
aqueous solution, the temperature cannot be greater than approximately 1OO*C so there 
is little fikelihood for radioactive emissions as compared to the high temperature 
incineration pmcess. Also, for many of the wastes treated it is not necessary to add 



chemical reagents, since all of the work is done by the acticln of electrons flowing 
through the solution. Thw, no secondary waste is generated in the treatment prcrcess. 
Greater control mn be exercised over the reaction vi8 the appiica?ion of applied potential 
or curtent so there is little chance ef runaway reaction or explosion. In many cases the 
reaction can be instantaneatsly terminated by simply turning off the power supply. 
Finally, the cost of setting up and operating an eiectrochernical treatment is relatively 
inexpensive. 

We chase to teke the electrochemical route to treat mixed (hazardous and radioactive) 
waste at Lo$ Alamos National laboratory. As a result of the treatment the hazardous 
component of the waste Is destroyed or separated and low level radioactive effluent is 
disposed to the Radioactive Effluent Treatment Plant. The Plant separates radbnudides 
and discharges clean water to the environment. Substantial quantities of various mixed 
waste have been accumulated at the Laboratory as a result of weapons development 
and other activities. These wastes, being the result of nomutine research, are found in 
a great diversity, but in low vcrlumes of each type. For such situations a versatile 
process that can combine processing of different kinds of waste represents the best 
economical solution. We conducted bench scale experiments using sumgate waste 
Gornpositians to determine the feasibility and establish the parameters for 
electrochemical treatment of various kinds of waste. We experimented with toxic metals, 
cyanides, and toxic organic compounds. This pager describes our experimentation. 

EXPERIMENTAL 

The generic experimental set-up is shown schematically in Figure 1. It consists of the 
electrolytic cell, batch tank with mixing. a pump (Cole-Palmer Masterflex 7591-50), and 
s rectifier (Danah Electric Comp. R35) or patentiostatlgabnostat (EG&G PAR 273). A 
control set indudes pH-meters (Orion 25OA and Coming pH-meter 3401, thermometers 
or tnermacouples, volt- and am- meters, a multichannel chart recorder (Yakogawa 
LR41 lo), and a digital coulometer (Electrosynthesis Inc. ESC640). A low pH d a m  was 
used during experiments with cyanides. 

Several different cells were operated depending on the nature and scale of the 
experiment. A mrnrnercially available RETEC cell' was useU for larger scale inorganic 
experiments. The RETEC cell consists of a 12 1 rectangular vessel with inlet and outlet 
ports, flow distributor, and slots far electrode placement. The cell is furnished with 8 DSA 
anodes (titanium grids covered with a mixture of titanium and rare earth oxides). The 
cathode material depended on the composition of the waste to be treated. Some small 
scale experiments were performed in a 250 ml batch-type cell. The cell geometry and 
solution flow pattern was similar to that of the RETEC cell. Bench-scak organic 
destruction experiments were carried out in a two compartment celi fitted with a Nafian 
ion exchange membrane cell separator and with a condenser over the anode 
compartment to prevent the escape of volatile organics. 

The compositions of electrolyzed solutions were determined using anodic stripping 
voitammetry (Hg, Cu, Cd), ICP-AES (Cu, Cd, total Cr), and patentiometry (cyanide, Cu). 
Free cyanide concentration measurements were done with a cyanide ion specific 
electrode. TOW cyanide concentration was measured using the same electrode or with 
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an Automated Cyanide Analyzer (AP1214, Leernan Labs, Inc.). The method for sample 
preparation for total cyanide analysis is dstailed in SOW #I348 (method 9010) or SOW 
#788 (method 335.2 CW-M), approved by the USEPA. Far Cr(vl) determination the 
sample pH was adjusted to about 12 and an absorption peak for CrO? anion was 
measured at 368 nm' using an HP 8452 diode array spectrometer. Total chromium 
concentration was measured either by ICP-AES or by UV-VIS spectrometry after 
oxidation of Cr(lll) to Cr(VI) by HZ02 in alkaline media. Cr(lll) concentration was 
calculated as a difference between total chromium and Cr(Vl) concentrations. Gas 
chromatography (Hewlett-Packsrd 5830 GC) and GCAilS (Hewiett-Packard 970 MS) 
were used to analyze the organics. 
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Fig. 4 Experimental set-up. 

RESULTS 

Cyanides 

There are several possible reactions at the anode and at the cathode that may be 
occurring under alkaline environment: 

Anade: 

(1) C N  + 20K = CNO- + H20 + 2ed -0.97 v 
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(2) 40K = Op + 2H20 + 4e- 
(3) C N b  + 40H = COi2 + 1BN2 + 2H20 + 3e' 

0.40 V 
-0.70 V 

Cathode: 

When a heavy metal is present, such as copper, silver, or cadmium, it will be released 
from the complex bond, and reduced according to: 

Anode: 

(5) Cu(CN)y2 + BOK = Cu' + 3 CNO' 4 3H20 + 6e- -0.69 V 

Cathode: 

(6) CU(C.N),~ + e' = Cu + 3 CN- 
(7) Cu(CN),' + e' = Cu * 2 CN' 

-1.09 v 
4.43 v 

The situation is additionally complicated by the hydrolysis uf cyanate, and the ability of 
cyanide to combine wjth hydronium ions to form a polymeric form called a~u lrn ine~~  

(8) CNO+2HPO = NH;+ CO; 
(9) x H' + x CN- = (HCN], 

The 12 L RETEC cell with DSA anodes and several d8erent cathodes w a s  used for 
electrochemical destructiun of cyanide. The resufts are presented in Figure 2. We 
observed that in the initial stage of electrolysid, tcurrent efficiencies usually exceeded I00 
% (based on the reaction CN' + 2OH -26 -a CNO- + H,O), indicating a chernicaf 
reaction was taking place in addition to the electrochemical process. A iitetature study 
revealed** that at high CN- concentration CN. radicals formed at the anode tend to 
polymerize with hydronium ions to form azulrnine, a polymer of HCN- Formation of 
azulmine depends an the C W A H  ratio. When the initial CNIOH- ratio was higher than 5. 
the solution became light yellow a few minutes inkt the electrPlysis indicating polymer 
formation. The solution gradually darkened with time. Hawever, a b r  two hours when 
the CN'IOH- ratio dropped, the solution began to clear. At the completion of the 
electrolysis, only carbonate and ammonia were identified in the solution. Most likely the 
cyanate ions formed during the electrolysis hydrolyzed acmrding to the reaction (8). 

I 

The same RETEC cell was used for eIeWlysis of cuprous cyanide. The electrolysis 
started at a cyanide concentration of 200 ppm and was discontinued when the cyanide 
concentration dropped to 0.08 ppm. Copper was simultaneously removed to iess than 
0.03 ppm (Figure 3). During electrolysis, some tiny brownish-black solids were 
deposited on the bottom and on the walls of the cell. These solids contained about 10- 
15% cyanide and were partially soluble in 1 M HCL. All solid could be dissolved in 
concentrated HNO, with evolutjon of NO,. Cu2' ions were found in bath aGidic solutions. 
The mechanism of Cu(CN},'" oxidation isn't clear. Some authors? postulate oxidation of 
Cu(l) to Cu(ll) with liberation of cyanide ions and precipitation of CU(OH),. Others' 
suggest that the main product of anodic axidation of CU(CN)~'* is Cuc). Hwang, Wang 
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and Wan' analyzed the reddish-brown precipitate that f o m d  at a platinum anode during 
destruction of complex cuprous and found a mixture of Cu,O and CuO, This 
observation agrees with chemical properties of our precipitate. 

0 5 10 15 20 

charge EFaradafl 
Fig. 2 Electrolysis of NaCN solution in a RETEC cell. Initial condition$: 3.0 L ,27 g k  of 
CW, 0.1 M NaOH; DSA anodes, copper mesh cathodes, constant current 18 A. Total 
time of electrolpis: 23 h. 15 min.; final total CN conGentraticn 0.2 ppm; overall current 
efficiency 35% 
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Fig. 3 Electrolysis of CuCN + NaCN salution in a RETEC e l l .  Initial conditions: 5.0 L; 
200 ppm Cu' (as CuCN), 200 ppm CN- (as CuCN and NaCN), 0.03 M NaCN; copper 
mesh cathodes, DSA anodes. Final total concentration: [Cu] 0.03 pprn, [CM ] = 0.08 
ppm. Overall current efficiency 3.5% 

Chromium 

Commercial chromium plating baths typically contain chromium as Cr(VI)) in 
cancentrations in the range of 200 g/L. Even at these high concentration levels, 
chromium deposition is characterized by low current efficient$, usually around 10%. 

5 



For a more dilute solution, such as might exist in a chromium containing waste, 
electrochemical deposition of the chromium would operate at too low an efficiency to be 
useful. 

An alternative approach to chromium removal is io reduce the chromium to the +3 
oxidation state followed by precipitation as the insoluble hydroxide. To facilitate this 
reaction, an iron plate was used as the anode. The iron(1l) reacted with chromium (VI) in 
solution to produce iron(lll) and chromium (111). The chromium(V1) concentration was 
lowered from 570 ppm to 5 pprn at a current efficiency of 72%. Following alkaline 
precipitation, the residual chromium level was reduced to 0.07 pprn. 

Cadmium. 

The electroredudive stripping of cadmium from aqueous solution wa8 carded out in the 
RETEC cell. Typically, 12 L of solution containing 13 g of Cd" per L was electrolyzed for 
5-8 hours. The solutions were prepared using &her CdSO,, Cd(NOs), or CdCI2. The 
initial pH was adjusted to approximately 2 with the appropriate mineral add. During the 
electrolysis the pH tended to decrease and was held at a pH of 2 by addition of 5.0 M 
NaOH. Several combinations of cathode materiais (nickel and aluminum sheets) and 
polarizers (polyacrylamide, bone glue and gelatin) were used. The polariren were 
necessary to inhibit the reduction of water to hydrogen gas, thereby increasing the 
overall cunent efficiency of the process. The best results were obtained with aluminum 
cathodes and 60 rngl of polyacrylamide. The average current efficiency was 88% at the 
13 - 2 gA range, and 46% at the 2 - 0.2 g/l range. The cadmium concentration in the 
solutions was decreased to 0.05 ppm. The cadmium depusit on the cathode was soft 
and easily removable from the aluminum surface. Current efficiencies and final Cd* 
concentrations were independent of the counterion. 

Mercury 
- _. 

A small scale experiment was conducted to test {he effectiveness of mercury removal 
fram waste solutions using electrochemical methods. A sheet of copper metal served as 
the cathode and sdid graphite as the anode. The surrogate waste solution, originally 27 
pprn mercury (HgCI,, pH 2, HNO,), was reduced to 0.122 pprn mercury following 
electrolysis. The average current efficiency was predictably low at only 7%, due to the 
low starting cancentration. 

A larger scale experiment was conducted using the RETEC cell fitted with DSA anodes 
and graphite cathodes. Mercury was deposited on graphite, coalesced and f e l l  down to 
the bottom of the cell. Precautions had to be taken to avoid shorts between anodes and 
cathodes as a mercury pool collected at the bottom of the cell. The initial Hg 
concentration of 85.4 fl in 10 L of the solution (Hg2(NO3k. pH 2, HNO,) was reduced to 
below 1.3 ppm during 8 hours of electrolysis. The overall current efficiency was 47%. 
The surface of the mercury collected from the cell was slightly contaminated with 
graphite dust. 

' 
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We have a180 investigated the electrodemica1 oxidation of selected organics that are 
known components d mixed wastes. The goal is to oxidize the organic component to 
carbon dioxide by direct or mediated electron transfer, fhen recover the heavy metal 
component for recycle prior to disposal. Mediated oxidation was canid out using 
cobalt(l1l) which was generated by oxidation of cobalt(1I) at the anode. 
As anticipated, there are a unique set of readion conditions far each organic compound 
or Class of organic compounds studied, Far example in the oxidation of isopropanol at 
room temperature, with uc without a mediator present, the reaction proceeds rapidly with 
the generation of acetone, the two electron oxidation product. A second two electron 
oxidation of the acetone produces acgtic acid at a rate approximately one order-of- 
magnitude slmer. The generation of acetic acid is essentially quantitative and the 
reaction ceases at that point. Further oxidation to carban dioxide can only be 
accomplished by continuing the electrolysis at elevated temperature. For a given 
organic, as the degree of oxidation increases, €he difiwlty of further oxidation also 
increases. Thus one can predict the Order of ease of oxidation to be alcohols < 
aldehydes< ketones carboxylic acids. Since the oxidation of organics is carried out in 
aqueous media where there is an unlimited source of oxygen, large organic molecules 
Gan be expected to form carboxylic acid intermediates. Therefore one can also expect to 
achieve complete conversion to carbon dioxide only at elevated temperatures. In acidic 
aqueous media, the oxidation of cobait(11) to wbalt(lll) occurs at a more positive potential 
than the solvent. Thus it can never be generated at 200% current efficient since water 
Will be simultaneously oxidized at any applied potential or current density. Once 
generated, the cobalt(lfl) is reasonably stable at mom temperature, slowty reacting with 
water to reduce back to cobaR(I1). However, as the temperature is raised, this reaction 
experiences a rather dramatic rate increase such that cobalt(l1l) is quae unstable. Thus 
the electron transfer mediator must be continually generated at fairly high curtent density 
so that there is a sufficient steady state concentration available to bring abut oxidation 
of the organic compounds present. Under these conditions the overall current efficienq 
can be expected to be very law. An exception to this behavior is especially seen in 
small, one carbon molecules. We have found for example that methanol, chlomfarm and 
carbon tetrachloride are all converted io carbon dioxide at room temperature at 
appraximateiy 100% current efficiency. (see table 1) 

Table 1. Organic compounds destroyed by mediated electmowidation. 
Compound Current Efficiency 1 

iso-Propanol %IO% 
Acetone S90% 
Acetic Acid 290% 
Chloroform so% 
Carbon Tetrachlaride >90% 
Cheesecloth -2oOHl 

1 Ion Exchanue Resins I not measured I 
~ 

CONCLUSION. 

The bench scale studies have clearly demonstrated the applicability of electrochemical 
systems for destruction or removal of the hazardous component of mixed waste. The 
conditions of efectrochemical processing found during this study were applied to 
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treatment of the red mixed waste, This waste is currently treated under a treatability 
study. The process is undergoing optimization and scaleup. 
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